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All Nature is but art, unknown to thee, 
a 
All chance, direction which thou canst not see 
All discord, harmony not understood 
All partial evil, universal good, 
And, spite of pride in erring reason's plight 
One truth is clear,, whatever is, is right. 
Alexander Pope. 
ABSTRACT 
This work is concerned with the crystal structures 
of beta lactoglobulin after digestion with carhoxy-
peptidase A. The enzyme carboxypeptidase A removes 
residues successively from the carboxyl end of the 
protein chain, in this case removing first isoleucine 
and then histidine, before being halted by a cystine 
bridge. Different enzyme-to-substrate ratios can be 
used to remove from the majority of molecules of the 
preparation either one or both of these residues. 
The crystallisation properties of both materials 
were investigated. In both cases, two crystal forms 
already characterised for the native protein - called 
Lattice X and Lattice Y - could be grown by salting 
out. 	 - 
A new crystal form, called Lattice K, was grown 
at pH 6.5 by salting out, the same crystal form 
being produced by dialysis against water at pH 5.2 
a remarkable and potentially useful occurrence. The 
salted out version was used for more extensive X-ray 
work. The Spacegroup was found to he P3 2 21, with an 
asymmetric unit containing half the dimer, the 
molecular twofold axis being crystallographic. 
- Projection work to find isomorphous derivatives 
was carried out, resulting in the discovery of three 
sites. at which heavy atoms could be bound. Two of 
these were recognisable as the -SH group site and 
K 2HgI 4 site of other lattices; the other was 
peculiar to this crystal form. 
Three-dimensional phase determination was carried 
out at 6 Angstroms resolution using two derivatives, 
MMA (occupying the -SB site) and K 2HgI. On the basis 
of phases obtained from these derivatives, an electron 
density map of the cell contents was calculated and 
the boundary of the molecule was drawn by analogy with 
Lattice Z. The molecular map showed similarity to 
native beta lactoglobulin maps at this resolution 
calculated from both Lattice Z and X. The site of 
the -His -lie deletion could nçt be found. 
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CHAPTER I 	INTRODUCTION 
1.1 Introduction 
Protein Crystallography is a technique which 
has brought about considerable advances in the under-
standing of how the structures of these complex 
molecules are stabilised and how enzymatic functions, 
if any, are carried out. The tendency in this field 
has been to study proteins which hold the key to vital 
biological processes : the enzymes which degrade, 
synthesise, or catalyse; the transporters of oxygen 
and charge; the immunoglobulins which defend the body 
against infection; and muscle proteins which make 
mobility possible. Many protein structures have now 
been determined and a more complete view of the variety 
of possible structures is being built up. These vary 
from the almost completely ct-helix structures of 
myoglohin and haemoglobin to the Bence-Jones -X-chain 
dimer which contains no ct-helical sections, proteins 
at both extremes being equally complex in the subtleties 
of their function. 
Beta lactoglobulin (BLG) is a protein of lesser 
importance, principally because it has no known function 
other than as a nutrient in cow's milk. One of the 
chief advantages of studying such a protein is the ready 
availability of milk and the simple treatment necessary 
to obtain a reasonably pure preparation. Such a protein 
should not necessarily be scorned because of its 
abundance and apparent lack of function. It is not 
so long ago that ci-lactalbumin - another milk 
protein - was found to be involved in the synthesis 
-2- 
of lactose. For a protein having no known biological 
function it has some interesting physico-chemjcal - 
properties, the most notable of which is the reversible 
transition which it undergoes around pH 7 which is 
made apparent by optical rotatory dispersion measure-
ments (Tanford et al. (1959)). Although a carboxyl 
group has been proposed to he involved in the transition 
(Tanford and Taggart (1961)), a full explanation of the 
mechanism is not likely to be forthcoming until high 
resolution studies of both .conformational states are 
made. Low resolution work has not yet been sufficiently 
precise to show the difference between the two states. 
This property and others are described in more detail 
in section 1.3 onwards. Much of the study of this 
protein has been carried out with this aim in mind, 
and it has been successful to the point of producing 
some derivatives suitable for high resolution studies 
as well as revealing the molecular shape at low 
resolution. 
The work presented here is not directly concerned 
with reaching this goal, although the original 
intention was to locate the C-terminal residues - 
information which would be useful in interpreting a 
high resoluti-on map. In practice this proved difficult 
from the point of view of producing crystals and 
interpreting the differences between these and the 
native ones. Subsequently the research turned towards 
a new crystal, form which, although very similar to one 
of .the native forms, does not have properties completely 
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analogous to the native crystals. This crystal form, 
Lattice K, has the distinction of being capable of 
bing produced in both salt-free and salted-out forms. 
1.2 Summary 01 Crystallographic Techniques Used 
This section broadly covers many of the techniques 
commonly used in Protein Crystallography for 
structural work using the method of isomorphous rep-
lacement. Particular consideration is given to those 
methods which have been employed in this work ; the 
more advanced topics of phase extension, model building, 
consequent phase improvement and other techniques 
applicable only to high resolution studies are not 
described. 
1.2.1 Potted Crystallography 
This sub-section consists of a summary of the basic 
concepts of crystallography, outlining how X-ray diffraction 
patterns are dependent on the molecular structure of the 
crystal contents and how use may be made of diffraction 
data to reconstruct mathematically the electron density 
pattern of the unit cell. 
All crystals are made - up of either atoms or 
molecular groups which are packed together in an ordered 
fashion so that there is a specific repeating pattern in 
three dimensions rather like a 3 dimensional wallpaper 
pattern. The smallest plane-edged volume of the crystal 
which contains the complete repeating pattern of the 
crystal, and which might be used to generate the whole 
crystal structure by translation only, is referred to as 
the unit cell. Often there may be several possible unit 
cells, the choice being restricted in some cases by 
convention. The unit cell itself may contain several 
-5- 
regions with identical contents related by symmetry, 
e.g. a mirror plane or a twofold axis.. The smallest region 
of the unit cell which can be used to generate the whole 
unit cell is referred to as the asymmetric unit; it may 
be identical to the unit cell but more usually there is 
some sort of rotational or screw symmetry resulting in 
a unit cell made up of several asymmetric units. 
X-rays passing through a crystal are diffracted 
principally by the electron clouds around each individual 
nucleus so that the X-rays 'see' only electrons contained 
in the unit cell. Diffraction effects can therefore be 
described in terms of the electron density as it varies 
from point to point in the unit cell. The Fraunhofer 
diffraction pattern of any aperture or object may be 
described mathematically in terms of the Fourier trans-
form of the original diffractor. Because the diffracting 
crystal is made up of a repeating pattern in x, y, and z, 
the diffraction pattern characterises this repeating 
nature and consists of points on a 3 dimensional 
lattice, reciprocally related to the unit cell dimensions. 
These points or reflections are samples of the complete 
diffraction pattern of the unit cell and are referred to 
by indices h, k, and 1, which pinpoint them in the recipro-
cal lattice, Each has an associated Structure Factor F 
which is related to the electron density (a function of 
position (x,y,z) in the cell) by the equation 	. 
Ehkl = vf 	I(x,y,z) exp21i(hx+ky+lz) dx dy dz 
x=O y  z=O 
(1.1) 
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where x, y, and z are expressed as fractions of the unit 
cell dimensions, and V is the volume of the unit cell. 
The intensity of eac-h reflection I is equal to F 2 
times two factors, one due to the partially polarised 
nature of X-rays, and the other - the Lorentz Factor - 
taking account of the relative . 'exposure' times of 
different reflections due to the recording technique. 
General intensity levels are also related to the crystal 
size and to the size and power of the X-ray beam. 
Fourier transform mathematics can be used to show 
that, knowing all the Structure Factors, the electron 
density can be calculated throughout the unit cell using 
the relationship 
(x,y,z)= 	 I1hk cós2lY(hx+ky+i.z) 	(1.2) V 1 L_ 
assuming F to be on an absolute scale. 
It can be seen from the above that X-ray diffraction 
measurement could be ued to mathematically form an 
'image' of the electron density pattern within a crystal, 
so revealing the structure of the molecules which consti-
tute it. Any. image is restricted in resolution by the 
wavelength of the radiation used to form it, butX-rays 
are of a small enough wavelength (1.5 R for Cu Xc,( 
radiation) that individual atoms may be resolved, provided 
the complete' diffraction pattern is used. 
However, there is one crucially important snag. 
As can be seen from equation 1.1 , all the F's are vector 
quantities having both magnitude and phase, or real and 
imaginary parts. The measured intensity is related to 
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the magnitude only, but both magnitude and phase are 
required in equation 1.2 to calculate the electron 
density. Most of the effort expended by workers in 
X-ray crystallography has been in devising techniques 
to overcome this difficulty and in applying them to the 
solution of the phase problem. 
In ths case of small structures, especially those 
where a few larger atoms dominate the, structure, it is 
possible to arrive at a solution using only the magnitude 
of the F's by making:some plausible assumptions about 
t 
the positions of these dominant atoms and calculating 
approximate phases. These phases may be used to calculate 
an approximate structure from which other atoms may be 
pinpointed and included in a second phase determination. 
By repeating this process until all the atoms of the 
structure have been recognised and all features of the 
electron density map have been accounted. for, a complete 
structure may be elucidated. This method cannot be 
applied to proteins because of the hundreds of atoms 
involved: the effect of a substantially larger atom on 
the phasing would be swamped by the rest of the structure. 
Direct methods of phase determination are also 
possible which do not rely on an initial approximate 
solution as a starting point. These rely on the fact 
that individual F's are not completely independent 
and relationships between F's can be used, in an 
approximate form using the magnitudes of the F's only, 
to yield phase information. 
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A large ainmount of computation is required in 
solving even small structures. With proteins the 
chief barriers against euploying such methods are 
(1) the enormity of the task even for the computer, 
and (2) the fact that simpler approximations which 
may be used with success for small structures are 
insufficient to ensure correct phasing for such a 
complex structure. It may be that these difficulties 
will be overcome at some future date and direct 
methods become more generally usable, but so far 
no protein structures have been solved in this way. 
1.2.2 Isomorphous Replacement 
Phase determination using the changes in intensity 
brought about by the incorporation of an isomorphously 
added heavy atom was the first successful method for 
these complicated structures. Although it has many 
drawbacks and limitations it has been the standard 
method for all protein crystallography, there being 
as yet no alternative. The prerequisites for this 
method to be applicable are the following 
It must be possible to prepare derivative crystals 
which are essentially identical to the original or 
native protein crystals, except that a group 
IW 
containg a heavy atom has been bound to, or used 
to replace, some specific part or parts of the 
protein structure. 
A complete set of data corresponding to the native 
set must be collected using derivative crystals. 
-9- 
C 
imaginary 	 - 	 - 
I 
Figure 1.1 Diagrammatic representation of 
FPH=FP+FH 
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3) The location of - the heavy atoms in the unit cell 
must be deduced : a criterion which automatically 
limits useful derivatives to those with a few 
( 7 or under ) sites per asymmetric unit. 
Uñambigous phase information cannot be obtained from 
one derivative for general non-centric reflections, 
so the above must be possible for several derivatives, 
preferably three or more which involve different sites 
for their heavy atoms. 
Only when these conditions hold can the phasing 
method described in the following pages be utilised. 
1.2.2.3 Phasing 
The vector equation : 
FPH = FP +FH  
describes the relationship between the protein structure 
factor of a particular reflection (FP), the structure 
factor contribution of the additional heavy atom 
alone (FH),and the resultant structure factor of that 
reflection for the derivative (FPH). The relationship 
can be represented diagramatically as a vector triangle. 
( see figure 1.1 ) If the position and type of the 
additional heavy atoms in the derivative are known, 
FH may be calculated in both magnitude and direction. 
The magnitudes of FP and FPH can be measured experiment-
ally. 
In figure 1.2 it can be seen how this information 
can be used towards phase determination. FF1 can be 






Figure 1.2 	Two possible phase triangles for a 
non-centric reflection using one derivative. 
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direction. Adding this vector to FP should result 
in FPH. Because only the magnitude of FP is known, 
a circle is drawn of that' radius using the tip of the 
FF1 vector as centre. Similarly a circle of radius 
FPH is drawn with the tail of FF1 as centre. In general 
there will be two points of intersection of the two 
circles and vectors of length FP and FPH may be drawn 
to these points such that equation 1.3 is satisfied. 
Using one derivative for phasing theoretically reduces 
the possible phases of FP from an infinity of possiblities 
to two. Distinction between these two phases may be 
made by a second derivative, subscripts for FF1 , FP 
and FPFI being used to distinguish. several derivatives 
e.g. FH 1 . Only one phase for FP should allow the 
solution of equation 1.3 for both derivatives. (see 
ui'gure 1.3 ). 
In a real situation FF1 may be small compared to 
errors of measurement for many reflections. These 
errors also introduce uncertainties of phasing so 
that more than the theoretical minimum of two derivatives 
is preferable for good phasing. 
Best Phase and Computing 
The accuracy with which the points of inter-
section from two derivatives coincide in figure 1.3 
is more the exception than the rule in the real case. 
Sometimes no point of intersection may be obtained 
from one derivative or phasing from two separate 
derivatives may be inconsistent. To cope with these 
difficulties and to produce a single value for the 
phase, .a method suitable for automatic computation 
has been devised by Blow and Crick (1959) which works 
as follows. 
For a general non-centric reflection the phase 
can be any angle between 0 and 360 degrees. The 
probability that a certain phase (0<) is the correct 
one is related to the discrepancy between the observed 
and calculated values of FPH or the lack of closure 
error 	(c<) , for the jth derivative. 
=FPU 	- FPH. 
j 	 j - obs. 	- j caic. 





2 ; 2 FP FH. co 
Assuming that the errors involved conform to a 
Gaussian distribution, the probability P which is 
a function of °(,the phase of FP , is given by 
p3(o() = N exp( €(O<) 2/ 2E. 2 ) 
where N is a normalising factor which ensures that 
the total probability is unity, and E. is the root 
mean square error as calculated from the more easily 
phased centric reflections. 
The total probability P , associated with any 
phase when several derivatives are involved, is the 
product of the separate probabilities from each 
derivative. 
Hence 	P = N exp-( '5.E 2/ 2E. 2 ) 
The most probable phase will have the largest prob-
ability, J Ed 2E. being a minimum. Blow and Crick 
- 15 - 
imaginary 
Figure 1.4 	Best phase. 
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have shown that using the most probable phases does 
not produce the Fourier with least error. Better 
Fourier maps are obtained by using the 'mean' of 
the probability distribution as the phase, and by 
weighting the amplitude by a factor m, the figure of 
merit, which is close to unity for a well phased 
reflection and tends towards zero for those whose 
phase are undeterminable. The effect of this is to 
reduce those terms in the Fourier summation which may 
be badly phased so that the resultant map is based on 
t 
the more accurate data. The 'best' F is calculated 
using the probability round the protein phase circle 
as described below. 
Dickerson et al. (1961) showed how this phasing 
method could be carried out by digital computers, the 
basic difference being that the probability was 
calculated only at specific intervals 	around the 
phase circle from 0 to 360 degrees. Each probability 
P  
1 	 1 
) is associated with its phase o( on a circle of 
unit radius.( see figure 1.4) 	The position vector 
of the centroid,' C, of these values will have magnitude 
m , the figure of merit, and phase OCB  the 'best' 
protein phase. 
Since C is the centroid 
_IP .s.=o 
1 Li. 	-1 
1 
but 	s. 	= r. - m. 
-1 -1 -1 
Hence V' 	P. ( 	r. -.m ) 	 = 0 
1 -1 -1 
P. 	r. m. 
Li1 	1-1 _hj11 
=m\'P. 
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Therefore ' 
1 P. r. 






It can also be shown that the mean square error of 
the electron density map calculated using these 
phases and weights will be 
<'P 2>2 




Reflections in zones which are centrosymmetric. 
Automatically have no imaginary part, and being a 
much simpler case than the general reflection can 
be phased much more easily. The only possible phases 
are zero and .180 degrees, and these two possibilities 
can be distinguished theoretically by using only one 
derivative, although more than one is advisable since 
FH will not be large enough for all reflections. 
Phasing using several derivatives can be carried out 
in the same way as was described for non-centric data, 
except that only the two phase angles 0 and 180 degrees 
need be considered. It is a great advantage when a 
centrosyrnnietric zone is available since phases from 
only one solved derivative may be used to elucidate 
a second which does not yield to direct solution. 
In phasing, Fl-I 
caic 
 either adds to or subtracts — 
from the observed FP to give 	FPH , depending on 
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the phase ofFP ( which can easily be determined by 
calculating which phase fits the data best ). 	The 
error is the difference between the observed and 
calculated values of FPH. 
FPH 	= J FP J + 	FH 
-ca].c. 	- - - 
Hence the root mean square (R.M.S.) •error E is given by 




where n is the number,of centric reflections. 
In general FH will be much smaller than FP and 
therefore FPH will have the same sign as FP ; but when 
FP is small, phase crossovers may occur. 	The R.M.S. 
error is a good indication of the 'fit' of a particular 
derivative, and its use in non-centric phasing by the 
method described has the effect of weighting down the 
less accurate derivatives and taking more account of 
those which show best agreement. 
1.2.4 Preparation of Derivatives 
In the previous section it has been shown how 
derivative data may he usefully used to phase native 
protein data, but this method is reliant both on 
preparing suitable derivatives and on locating the 
sites of the heavy atoms. 	In this section the 
preparation of derivatives is discussed since it is 
the first obstacle to be overcome. 
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Derivative crystals can be prepared by allowing 
a protein solution to react with a suitable substance 
in solution and crystallising the product. 	One 
difficulty in using this method is that the solubility 
of the protein may be altered by the reaction. 	New 
crystallisation conditions wouldtherefore have to be 
worked out by trial and error, and the resulting 
crystals might not be of the same crystal form as the 
originals. 
A more successful method involves soaking the 
crystals in a solution in which they are stable 
containing a small quantity of the reagent. 	There 
are usually quite large channels of liquid in the 
crystals through which the reagent may diffuse and 
react. 	Usipg this method the same crystal form in 
the derivative can be ensured although cell dimensions 
may change due to straining of the structure, the 
protein molecules may shift slightly, or in extreme 
cases the whole crystal structure may be disrupted 
by the reaction. 
Cell dimension changes, which are immediately 
obvious in the photographs make a derivative unsuitable 
for anything but low reso].ution work. 	More subtle 
defects may occur which are not detectable until 
further analysis is carried out. 	These. include non- 
specific binding and lack of isomorphism of the 
protein structure. 	Multiple binding may also occur 
which, although not a complete barrier, makes it 
difficult to locate the heavy atoms unless other 
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derivatives are available. 
Because this method is easy to apply it is an 
excellent way of screening for suitable derivatives. 
It cannot be used for reagents which are insoluble 
under the conditions necessary to stabilise the crystals, 
although barely soluble materials have yielded suitable 
derivatives given, long enough to react. 
The most difficult aspect of preparing heavy 
atom derivatives is finding satisfactory reagents. 
There is no reagent which is always suitable since 
each protein is different, and trials must be made 
with a variety of materials before a suitable one is 
found. 	In the case of a protein with a free -SH group, 
mercurial compounds may be easily attached (e.g. Green, 
Ingram and Perutz (1954)). For enzymes with a known 
inhibitor or proteins which are known to bind specifically 
to organic groups, a similar material incorporating a 
'heavy atom is likely to form a derivative (e.g. 
Tilander et al. (1965)). 	Certain chemicals are 
known to bind with particular amino acids, and these 
may be suitable if a few such amino acids are available 
for reaction. 	The majority of other heavy-atom 
compounds which have been used successfully have been 
found to be sited either in pockets of the protein 
itself which happen to be a suitable shape or in 
interstitial sites formed at the junction of two 
protein molecules. 	Finding a suitable reagent among 
these possible materials is very much a case of trial 
and error. 
21 - 
The best derivatives have only a small number of 
sites with high occupancy and cause little disruption 
in the protein structure. 	Almost inevitably any 
reaction will upset the protein in the nearby region 
and for that reason using heavy atom sites in the active 
centre of an enzyme is not ideal. 
1.2.5 The Use of Fourier and Patterson Synthesis in 
Locating Sites 
Scaling 
Before any phasing can be done it is necessary 
to find the positions of the heavy atoms in the unit 
cell. 	The only information available is the magnitude 
of the protein and derivative structure factors. 	For 
this data to be useful, the two sets must be on roughly 
the same scale. 
For any reflection:- 
FPH = FP + FH 
Hence 
FPH = 	FP + FH) 
Initially this exact equation cannot be used since the 
FH's are not known, but since their contribution is 
small compared to FP it is sufficient + scale such that: 
EFPH =E - 
Later, when the heavy atoms are located and their 
positions are being refined, an additional scale- 
factor for the FPH data set may be refined too ; it 
is usually not greater than 1.1 . 
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Patterson Synthesis 
The Patterson synthesis is a Fourier synthesis 
using F 2 as coeflicients instead of F • 	The resultant 
map is the convolution of the Fourier map with itself, 
resulting in peaks corresponding to vectors in the 
Fourier map. 	This type of synthesis has been useful 
in solving small structures, and a similar synthesis 
has found an application in the location of heavy atoms. 
Blow(1958) showed that, using DF 2 as coefficents for 




the map has peaks corresponding to vectors between 
heavy, atom positions. 	It is obvious that this is 
true for centrosymmetric data since DF is the calculated 
contribution of the heavy atom and therefore the 
synthesis is essentially a Patterson synthesis of the 
heavy atom structure. 
For non-centrosymmetric data, DF = FH 	is a 
poor approximation. 	Using the notation of figure 1.1 
DF can be expressed accurately as 
DF = _2IFPIsin(f2) + FH cos 
is the difference in phase between the protein and 
the derivative structure factors and is usually small, 
making the first term negligible. 	If P>is not 
negligible, this can be caused only by FF1 being large 
compared to FP , which again causes the second term to 
be more important. 	A reasonable approximation for DF 
can be made by neglecting the first term, giving 
DF= FHcos 
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The non-centrosymmetric synthesis will therefore 
be a convolution of the normal Patterson synthesis 
and the transform of cos 2 , a function which displays 
little else besides a peak at the origin. 	The result 
of this convolution will be to reduce the weight of the 
Patterson peaks by half with respect to the origin, 
leaving it otherwise unchanged. 
Pattersons in general suffer from the disadvantage 
that for any n peaks in the Fourier, n(n-1) non-origin 
Patterson peaks arise. 	For a particular spacegroup 
there may be several equivalent positions in the unit 
cell due to the symmetry of the crystal, so that one 
heavy atom site per asymmetric unit may result in a 
good many Patterson peaks. Fortunately the symmetry 
of the heavy atoms in the cell imposes a related 
symmetry on the Patterson peaks, which simplifies 
the solution and in some cases helps to distinguish * 
evidence for genuine sites from spurious peaks. 
It is disadvantageous to have many heavy atoms 
in each asymmetric unit since this generates numerous 
unrelated Patterson features which may be difficult to 
interpret. 	This is one reason that crystal forms 
containing several molecules in each asymmetric unit 
are not ideal, since even a derivative having one 
heavy atom per molecule would be difficult to solve. 
A Patterson is usually interpreted by calculating 
the positions of the set of Patterson peaks due to one 
heavy atom at x,y,z in the Fourier. If there is only 
one heavy atom or if one site is predominant, the main 
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features of the map should be interpretable as being 
due to such an atom, whose coordinates can be calculated. 
Further features may be similar self-vectors of a second 
site, but cross-vectors from one site to the other 
will also be present to add to the confusion: especially 
since cross-vectors of equal sites will have double the 
weight of the self-vectors and would therefore dominate 
the map. 	Such cross-vectors can be useful in confirming 
hypothesised positions. 	When it is not possible to 
solve a Patterson because there are too many sites 
involved, it does notnecessariy mean that the 
derivative is useless. 	Once reliable phases can be 
produced from an independent derivative, a difference 
Fourier of the first derivative may be used to locate 
sites. 	Indeed, der ivatives with as many as seven 
sites per asymmetric unit have been found to be of 
some use in phasing. 	However, sometime during this 
process at least one derivative must be solved 
unambiguously. 
Projection Pattersons are often used in preliminary 
work before full three-dimensional data collection is 
embarked upon, and these can be a good guide in 
choosing derivatives. 	A solution is usually possible 
where few atoms are concerned. 	These maps are more 
subject to error, since few terms are involved in the 
summation, and can be difficult to interpret when 
features overlap in projection to form major peaks in 
the map. 
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Cross Patterson 
The Fourier synthesis using (IFPI - I!H 1 I ) * 
- 	 as coefficients (where the subscripts 
1 and 2 refer to different derivatives) has been 
shown by Steinrauf (1963) and Kartha et al. (1964) 
to be useful in correlating the position of heavy 
atoms in two different derivatives. 	In a crystal 
form with high symmetry the origin of the unit cell 
is usually fixed by convention to be at the inter- 
section of the highest symmetry elements. 	For 
certain crystal forms the origin positioning may 
not be unique, but may be confined to a special set 
of points. 	This means that independently solved 
derivatives may refer to different origins. 	The 
two must be brought into line so that their phasing can 
be combined. 
The above synthesis is equivalent to using 
coefficients IFH I.I I! 2I cos 1 cosX2 which, forgetting 
the cost terms, is the convolution of the two heavy 
atom Fourier maps. 	The peaks must therefore be 
equivalent to cross-vectors from heavy atom positions 
in one derivative to those in the other. 	The cos 
terms will again have the effect of enhancing the 
origin peak. 	The cross-vectors resulting from a 
certain positioning of the common origin of the 
separate Fourier maps may readily be calculated and 
compared with those of this cross-Patterson map. 
The choice of the correct common origin of the two maps 
can then be made out of the several,or in some cases 
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infinite possibilities. 
Another use for this synthesis is in the solution 
of a many-sited derivative when a solved derivative 
of lesser complexity is available. 	If the simpler 
derivative has n 1 sites and the more complex n 2 
the number of cross-vectors will be n times n 1	 2 
If n 1 is much less than n2 , the resulting cross-
Patterson will be less complicated than the Patterson 
of the second derivative alone. In practice this 
technique would be rarely used since in such a case 
phase information from the first derivative would be 
more likely to elucidate the second. 
The cross-Patterson might be useful when both 
derivatives are unsolved. 	Since all peaks are cross- 
vectors, there are fewer ambiguities in their inter-
pretation than in the less complex Patterson maps. 
The map may be used to supplement the information 
of the Patterson maps and to confirm tentative 
solutions. 
The Difference Fourier. 
As was mentioned in the discussion of Pattersons, 
this synthesis is exceedingly useful in finding sites 
of a derivative when at least one derivative is 
available for phasing. 	Devised by Steinrauf (1963), 
it uses as coefficients 
( FPH - FP ) exp(ic) 
where o is the best protein phase calculated from 
other derivatives. If the phasing is reasonable, 
the resulting Fourier will contain Fourier peaks 
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at the sites of the heavy atom alone, the effect 
of the protein having been subtracted out. 	Because 
the phasing of the protein F's fixes the origin, 
this Fourier will automatically have the same origin 
as that of the derivatives used to calculate the 
phases. 
The resulting map may contain small peaks at 
the positions of the heavy atoms used to produce 
the phases whether or not these are present in the new 
derivative. 	Such peaks should therefore not be 
considered as evidence for occupancy of such a site. 
If a difference Fourier is calculated on one of the 
derivatives used to produce the phases, then it must 
necessarily confirm the sites used in phasing, and 
so cannot be used as evidence for these sites. 	But 
if phasing is done on a major site, a minor site 
showing up on the difference Fourier may well be 
genuine. 
The Double-difference Fourier 
This is a Fourier synthesis of FPH with both 
protein and calculated heavy atom contributions 
subtracted, and therefore contains peaks only when 
there are minor sites which are unaccounted for. 
This map is superior to the difference Fourier in 
discovering minor sites since it removes not only 
the heavy atom sites themselves but also the diffraction 
effects around them. (Blake et al. (1963)). 	When 
there are no further sites of significant size to be 
picked up the map will contain, no outstanding features 
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and the ripple level is indicative of errors induced 
by measuring errors and lack of isomorphism. 
1.2.6 Refinement of Heavy Atom Parameters 
Having located the heavy atom sites by use of 
the Patterson, phases may be worked out. 	Accurate 
phasing will depend on accurate positioning of these 
sites and also on the accuracy of estimates of occup-
ancy and temperature factor associated with each 
heavy atom. 	More accurate parameters may be obtained 
by a refinement which adjusts the parameters so that 
a suitable error function is minimised. 	For example, 
the mean square error E 2 can be minimised as suggested 






—obsl 	—calc )2  
FH 
obs 
 is equal to FPH - FP and is therefore dependent 
on the phasing. 
Hart's method uses the centric data only for 
refinement and calculates FH ob s for both positive 
— 
and negative phase of FP and FH , giving four different 
posible answers. 	The one which is in best agreement 
with FH 
caic 
 is chosen in the calculation of E 2 . 
— 
A scalefactor applied to the derivative data is also 
refined to take account of the fact that EFP is not 
exactly equal toFPH in the expression used for 
rough scaling. 
PANGLOSS is a program which carries out such a 
2 refinement by calculating E for several values of 
-7 
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a parameter on either side of its current value and 
choosing the one with lowest E 2 . All parameters are 
refined cyclically, the trial shift of each parameter 
being cut down Or increased depending on the parameter 
shift of the last cycle. PANGLOSS shifts all parameters 
within each cycle unlike the original Hart method which 
applies only one parameter shift, choosing the one which 
was.most effective in reducing E. Such conservatism 
was shown by Blake et al. (1963) to be unnecessary and 
to slow down refinement. 
Non-centric data is less simple to refine since phase 
information is essential to make calculations of error 
unless some approximate error can be computed (Rossmann 
(1960)). A more rigorous method employs phases derived 
from several derivatives using the Blow and Crick method 
described earlier, followed by a cycle of parameter 
refinement after which phases are re-calculated. Such 
a joint refinement program, employing a parameter-shifting 
technique similar to that in PANGLOSS, was used in three-
dimensional work described later in the thesis. The error 
function which is minimised is the weighted residual R 
R = 	m2 E2 
where E( 0() is the lack of closure error for the 'best' 
phase 0<, and in is the figure of merit. In this respect 
the program is based on the method of Dickerson et al. 
(1961). 
When using this program for one or two derivatives, 
caution must be exercised since a wrongly placed heavy 
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atom will bias the phases, tending to confirm itself; 
refinement may not move it much or reduce its occupancy 
greatly. It is usually evident from the R.M.S. error 
and residual that something is seriously wrong. This 
type of situation can also occur using PANGLOSS. Joint 
refinement is most useful when refining a new derivative 
along with some established derivatives since the new 
derivative will have less effect on the phases and a 
misplaced site will have its occupancy quickly reduced. 
1.2.7 Anomalous Scattering 
In the treatment up to this point, the scattering 
effect of unrestrained electrons only has been considered, 
and for that case the scattering factor for an atom is 
a real quantity. Unfortunately the electrons associated 
with an atom are obviously bound, the less distant K 
electrons being held closest of all. The scattering 
factor should more properly be expressed as a complex 
quantity equal to a normal scattering factor plus a 
complex anomalous contribution. For lighter atoms such 
as carbon and oxygen the anomalous component is neglig-
ible. Only in heavier atoms (e.g. iron) which have 
absorption edges near the wavelength of the X-rays 
used (generally Cu K) is the effect detectable. 
For native protein crystals, anomalous scattering 
may be ignored unless copper or iron compounds are 
naturally present, but the heavy atoms incorporated in 
the derivative crystals will produce a significant effect, 
causing Friedel's relationship to break down for the 
derivative crystals. 
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Figure 1.5 	Anomalous Scattering. 
i ma 
I 
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i.e. FPH(h,k,l) , FPH(hk,l) 
	
(see figure 1.5) 
The anomalous differences between Friedel pairs can be 
usefully employed in locating the heavy atom sites 
(Kartha and .Pathasarathy (1965)), or in determining the 
hand of a protein structure. 
This effect is small in comparison to the heavy 
atom contribution and is often about the same order of 
mègnitude as the errors. Because of this, the measured 
-anomalous difference will be subject to much error. 
Since usually both FPH(h,k,l) and FPH(h,k,1)are measured 
from the same crystal, the anomalous difference in 
absolute terms - is not subject to errors in scaling and 
absorption correction. The remaining sources of error 
do not seem to prevent workers making good use of 
anomalous data. 
When the anomalous effeèt is not taken into account 
it will be an additional cause of disagreement between 
observed and calculated FPH -'s. Part of the effect can be 
eliminated by averaging observed FPH(h,k,l) and FPH(h,k,i), 
a process which will also reduce random measurement errors. 
11 
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Protein 	Approximate 	Percentage of 
Concentration total protein 
(g/l) 
Caseins 25.0 80.4 
-Lactoglobu1in 3.0 9.6 
oLactalbumin 0.7 2.3 
Serum Albumin 0.3 1.0 
Immunoglobulins 0.6 1.9 
Fat Globule 
Protein 0.2 0.6 
Others 1.3 4.2 
Figure 1.6 	Bovine milk proteins, excluding 
enzymes (as given in MCKenzie (1967)). 
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Method M. W. Worker 
X-ray 35,400 to Senti and Warner 
35,600 (1948) 
X-ray (AB) 35,000400 
(B) 35,800t400 Green et al (1956) 
Osmotic 35,050 Bull et al 	(1946) 
Pressure 38,000 Gutfreund 	(1945) 
Sedimentation 
38,000 equilibrium 
Sedimentation Pederson (1936) 
]  diffusion 41,500  
Chemical 
Analysis 42,020 Brand et al (1945) 
Fjure 1.7 Molecular weight measurements of BLG. 
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1. 1 3 Previous Work on-Lactogiobulin (BLG) 
1.3.1 Introduction 
Before going on to describe or introduce my own 
work on beta lac.toglobulin (BLG), I think it necessary 
to summarise the investigations of this protein by 
numerous workers in the field, since my research has 
been greatly dependent on previous crystallographic 
work. 
The protein BLG was first isolated from cow's milk 
in 1934 by Palmer although more. efficient separation 
techniques have been developed since. These are tabled 
in McKenzie's review of 1967 which gives a comprehensive 
summary of the physical and chemical properties of the 
common milk proteins. About 10% of the total protein 
content of cow's milk is BLG and it is the most abundant 
of the whey proteins. (Figure 1.6). 
1.3.2 Molecular Weight, Dissociation, and Polymerisation 
The molecular weight of BLG has been determined 
by a number of methods by different workers, resulting 
in values in the rangè 35,000 to 42,000. (See Figure 
/ 	1.7.) One notably different result, obtained by Bull in 
1946 using monolayer surface films of protein on 
ammonium sulphate gave a molecular weight of 17,000, 
showing that a dimer structure was involved and that 
dissociation under certain circumstances could occur. 
Townend and Timasheff (1957) confirmed that dissociation 
took place, arriving at a M.W. of 17,500 for the subunit 
by Archibald sedimentation. They suggested that two 
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identical subunits might be involved since the N and C 
terminal sequences had been shown to be identical on 
both chains. The fact that two identical chains form a 
dimer structure has been confirmed both by sequence and 
by X-ray work. It would also appear (Townend et al. 
(1961)) that dimers consist of subunits of the same 
genetic type, dissociation and re-association resulting 
only in pure dimers. 
Polymerisation of the I3LG dimer is also reported 
to occur, although the early literature on this is 
confused since the genetic variants had not then been 
discovered. Some of this confusion was cleared up when 
separate experiments on the genetic variants (A, B, and 
C) were undertaken. Timasheff and Townend (1958), and 
Townend et al. (1960) reported that only BLG A polymerises 
to an appreciable extent. lcumosinski and Timasheff (1966) 
report that formation of tetramers (4 x 36,000) can be 
detected in BLG B but to a much lesser extent than the 
polymerisation of A. Experiments on BLG C (Bell and 
McKenzie (1964)) have shown no evidence for polymerisation 
of this variant. 
1.3.3 Genetic Variants 
In 1955, Aschaffenburg and Drewry discovered that 
BLG had more than one component by using paper electro-
phoresis at p1-I 8.6 which resulted in the separation of 
the protein into two distinct bands F5,,and 2' 
	
being 
the faster moving. By analysing milk from many cos, 
it was found that each cow produced either one material 
exclusively or a mixture of equal quantities of both. 
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In a later paper (1957b) Aschaffenburg and Drewry renamed 
and 	as A and B respectively and showed that it was 
possible to describe the occurrence of the two materials 
by the control of a single gene pair. When both members 
of the gene pair are of the same type, the homozygous 
cse, BLG of that type is produced; the heterozygote 
produces both materials. The BLG B gene was found to have 
a much higher frequency (72%) among several breeds of 
British cattle studied. 
In 1962, Bell discovered a third genetic variant 
BLG C among Australian Jersey cows which was indisting-
uishable from BLG B on paper electrophoresis but could 
be separated by starch gel electrophoresis. A fourth 
genetic variant B has since been discovered by Brignon 
and co-workers (1969). 




Early terminal sequence work gave the first chemical 
evidence that the 32,000 M.W. BLG molecule contained two 
subunits of identical sequence, since identical N and C 
terminal sequences of both chains were found. The N 
terminal work was carried out by Fraenkel-Conrat (1954) 
using Edman degradation to identify three residues Leu, 
Leu, Val of this sequence. In fact, the sequence is now 
believed to be Leu, Ile, Val but the difference between 
Leu and lie would not be readily detectable by this 
method. 
Hydrazinolysis has been used by Niu and Fraenkel- 
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Residue A B 	. C 
Lys 15 15 15 
His 2 2 3 
Arg 3 3 3' 
Asp, Asn 16 15 15 
Thr 8 8 8. 
Ser 7 7 7 
Glu,Gln 25 25 24 
Pro 8 8 8 
Gly 3 4 Ii 
Ala 14 15 15 
Cys 5 5 4' 
Val 10 9 9 
Met 4 4 4 
Ile 10 10 10 
Leu . 22 22 22. 
Tyr 4 , 4 4 
Phe 4 1 4 
Trp 2 2 2 
Figure 1.8 	Frequency of occurrence of amino acids 
-- 	in BLG (from MCKenzie (1965)). 
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Conrat (1955) to determine the C terminal residue as 
Ile. This is confirmed by digestion of the protein 
using carboxypeptidase A (Neurath et al. (1954)) which 
releases both lie and His, suggesting that histidine is 
the penultimate residue. A more complete investigation 
of this process has been made by Davie et al. (1959) and 
Greenberg and Kalan (1965). 
Amino Acid Composition of Genetic Variants 
Amino acid analyses of the pure genetic variants of 
BLG has been caned out by several researchers giving 
fairly consistent results, showing that there are few 
differences in the amino acid composition of variants 
A, B, and C. (See figure 1.8.) This is in agreement 
with the latest complete sequence. In 1961, two 
independent sets of workers ((P/Utzt  et al. (1961), and 
Gordon et al. (1961)) were able to detect significant 
differences in the amino acid composition of A and B 
variants, BLG A having an extra Asp and Val and one 
less Gly and Ala per. 18,300 molecule. By 1962 Kalan 
et al, had sequenced the chyrnotryptic peptide in A and B 
which gave evidence that a substitution of Gly for Asp 
was responsible for one of the changes. Sequence work 
by Frank and Braunitzer (1968) confirmed this and 
showed that a simple Val for Ala substitution was 
responsible for the second difference. 
The difference between B and C genetic variants 
would seem to be the simple substitution of His for 
glutamine or glutamic 	acid (Kalan et al. (1965)). 
This is reported by McKenzie (1967) to have been 
confirmed by Bell who was able to decide that glutarnine 
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I
t , Leu lie Val Thr Gin Thr Met Lys Gly Leu 
11 Asp lie Gin Lys Val Ala Gly Thr Trp Tyr 
21 Ser Leu Ala Met Ala Ala Ser Asp lie Ser 
31 Leu Leu Asp Ala Gin Ser Ala Pro Leu Arg 
*1 Val Tyr Val Glu Glu Leu Lys Pro Thr Pro 
Glu Gly Asp Leu Giu lie Leu Leu Gin Lys 
Asp - 
Gly Trp Gin Asn 	
Glu eys Ala Gin Lys Lys 
Ile lie Ala Glu Lys Thr Lys lie Pro Ala 
81 	Val Phe Lys Leu Asp Ala lie Asn Glu Asn 
91 Lys Val Leu Val Leu Asp Thr Asp Tyr Lys 
101 Lys Tyr Leu Leu Phe Cys Met Glu Asn Ser 
111 Ala Glu Pro Giu Gin Ser Leu 
Ala 
Cys Gin I Val 
121 CsLeu Val ArgThrPro Glu Val Asp Asp 
131 	Glu Ala Leu Glu Lys Phe Asp Lys Ala Len 
141 	Lys Ala Leu Pro Met His he Arg Leu Ser 
151 	Phe Asn Pro T1r.Leu Gin Glu Glu Gin Cys 
161 	His lie 
= indicates o(-helical regions 
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rather than glutamic acid was involved by comparison of 
mobilities of the peptide containing the change. 
McKenzie (1967) quotes: results obtained by Bell, 
McKenzie, and Shaw showing that BLG D is identical in 
amino acid composition to BLG A, and the difference in 
mobility is explained by the covalent binding of 
glucosamine and sialic acid. However a more recent paper 
(Brignon et al. (1969)) describes a thorough investigation 
of this genetic variant and concludes that it is almost 
identical to B, having a substitution of a glutamine for 
a :glutamic acid at position 109.. of. Frank and Braunitzer's 
partial sequence. 
Sequence 
The partial sequence of Frank and Braunitzer (1967) 
has been superseded by a full sequence published by 
Br'aunitzer in 1972 (figure 1.9). Both sequences agree 
with earlier work on N and C terminal sequences. The body 
-of the new sequence differs markedly-from the partial 
sequence although having the same amino acid composition. 
These differences are largely explained by the misplacing 
of the tryptic peptides of the partial sequence Ialthough 
there are some sections where error cannot be explained 
so easily, notably the glutamine interposed between 
cysteine and cystine residues. Bridging of cysteines 
occurs between Cys 66 and Cys 160 and also between 
Cys 106 and either Cys 121 or Cys 119. 
1.3.5 Tanford Transition 
Tanford, BunvilJeand Nozaki (1959) first proposed 
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pH 
Figure 1.10pH dependence of specific rotation of 
BLG at 578 	and 200. (Enlargement 
of figure from Me Kenzieand Sawyer (1965)). 
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and pH 8. The most convincing evidence for this is the 
marked change in Specific Optical Rotation in this region. 
Pederson (1936) had done sedimentation experiments which 
showed a decrease in the sedimentation coefficient between 
PH 7 and 8. Although this effect was small it indicated 
that a change did take place. The titration curve of BLG 
at ionic strength 0.015 shows a steepening about pH 7.5, 
in a reversible section of the curve. 
It was proposed that all the above evidence suggested 
a reversible change in the folding of the protein at this 
PH. It was first thought that an imidazole group must 
be involved, but in a later paper Tanford and Taggart 
(1961) retract this hypothesis and suggest instead that 
a carboxyl group is involved. This carboxyl group in 
the low p1-1 or N form s would be buried in the 'hydrophobic 
interior and its ionisation would cause the re-folding 
of part of the molecule so as to bring it to the surface. 
In this paper it was also suggested that the transition 
took place independently in the two subunit chains of 
the molecule, and that no other carboxyl or basic groups 
were buried in the interior. 
McKenzie and Sawyer (1967) measured the specific 
rotation of the genetic variants A, B, and C separately 
over a wide range of pH, showing that the change 
characteristic of the Tanford transition takes place 
separately in A and B, in a closely similar way (see 
figure 1.10). There is a further transformation about 
PH 5 in A and B, the difference in this region being 
attributed to conformational changes in A associated 
- 	 - 
with octornerisation (McKenzie et al. (1967)). The 
variant C shows similar traits but the two transform-
ations are continuous. 
1.3.6 O(-helix Content 
A number of workers have attempted to deduce the 
percentages of o(-helix and -sheet in the BLG subunit 
from considerations of Optical Rotatory Dispersion 
(O.R.D.), but have arrived at widely different conclusions ( 
figure 1.11). This has been partly due to the fact that 
this field has been in a state 'of development during 
this period, with advances affecting the subsequent 
interpretation. One notable development has been the 
determination of the O.R.D. parameters for p-sheet in 
the far infra-red by Davidson et al. (1966), allowing 
the Cotton effects to be interpreted (Townend et al. 
(1967)), although McKenzie (1967) doubts this inter- 
pretation. There is also evidence that such calculations 
underestimate the proportion of 0(-helix, overestimating 
the amount of p-sheet (Grefield et al. (1967)). The 
whole question of predicting 0<-helix content from O.R.D. 
measurement is still unresolved. It may have to be left 
to X-ray analysis to finally decide on the proportion of 
these structures present. 
A second method of estimation of the proportion of 
0<-helix has been made available since the full sequence 
determination. Based on protein X-ray structures known 
to high enough resolution to fit the main chain and 
locate the regions of o-helix, rule's may be formulated 
which allow predictions to be made as to whether a gfven 







0.1 0.45 0.45 Timasheff et a].,(1966) 
low remainder 0.5 Townend et al. 	(1967) 
low some - Timasheff and 
Townend 	(1965) 
0.55 0.33 0.12 Urnes and Doty (1961) 
0.34 0.34 0.33 McKenzie 	(1967) 
0.3 Rosenheck and Doty 
(1965) 
Figure 1.11 	Percentage of Os-helix :- various 
workers opinions. 
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sequence is likely to form an 0<-helix (Koteichuck and 
Scheraga (1969)). This method is sufficiently good to 
specify 78% of the o(-helical regions. Such rules have 
been improved upon;by Leberman (1971), increasing the 
agreement to 82%. When Leberman's rules are applied to 
the Braunitzer I3LG sequence, a number of o(-helical 
regions are located (see figure 1.9) and these 
constitute about one third of the protein. Since the 
evidence suggests that the rules miss regions of 0<-helix 
rather than propose incorrect regions, it would seem 
that the content of o(-helix in BLG is rather larger 
than that predicted by some of the O.R.D. findings. 
1.3.7 Crystal Studies of BLG 
Crystals of BLG were produced first by Palmer (1934) 
by dialysing away salt from a solution of the protein at 
pH 5.2 forming a salt-free crystal form. Salted-out 
crystals at pH 6.5 were first produced by Srensen and 
Srensen (1939). A complete table of the crystal forms 
of BLG which have now been characterised is given in 
figure 1.12. This is largely based on the table of 
Aschaffenburg, Green, and Simmons with the addition of 
Lattice V, typed by Komorowski (1971) and Lattice K, 
examined in this thesis. Most of the others were typed 
and studied by Aschaffenburg and co-workers. 
Initially, crystallographic studies of the salt-free 
crystal forms were carried out in an attempt to find 
suitable isomorphous derivatives. These were not forth-
coming since incorporation of different heavy atoms was 










 Unit 	Cell Dimers 
cC v Protein Medium pH Type. a b C T, (io 	A° 3) cell a.u. 
M-His H 
2 
 0 5.2 K P3221 65.5 - 85 - 3.16 + 
(NH 2 so 4 6.5  
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Figiir T-13 Typical BLQ crystals : salted-out forms. 
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imperfectly isomorphous derivative, as was the case with 
lattice N. Attention was therefore turned to the salted-
out forms (figure 1.13). 
The crystals described by Sdrensen and Sçlrensen 
were characterised as lattice X. TwO further forms, 
lattices y and Z, were found to grow under similar 
conditions at pH 7.5, lattice Z growing quickly and 
lattice Y appearing later, sometimes in the same tube. 
It was of great interest that no crystals could be 
produced at pH 7 and that these three crystal forms 
were unstable at this pH. Since it is around this pH 
that the Tanford transition conformational change takes 
place, it seems likely that molecular differences are 
responsible for the production of different crystal 
forms and that no crystallisation is possible while 
the transition is in progress. Assuming that this is so, 
a unique opportunity is presented for studying two 
different molecular states, governed by pH. 
The two high pH forms have features more favour-
able to crystallographic study, i.e. convenient space 
groups with the asymmetric unit corresponding to the 
half-dimer. This was the first crystallographic 
evidence that the subunits of the 36,000 molecule were 
identical. Moreover the symmetry elements of the space 
group made it necessary for individual subunits to be 
related by a two-fold axis. Assuming then that the 
dimer remains intact in both crystal forms, this two-
fold axis must run through the centre of the molecule 
relating the subunits. 
The production of heavy atom derivatives for these 
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crystal forms is facilitated by the stabilisation of the 
crystals in more concentrated ammonium sulphate, making 
it possible to diffuse in heavy atoms by the soaking 
method. Initially two derivatives which were successful 
for both-lattice Y and Z were found (Green (unpublished), 
and Simmons (1965)). These were monomercuriace tic acid 
(MMA), which is specific for the -SH group, and K 2HgI. 
Both derivatives had one major site asymmetric unit in 
both forms, with K2HgI4 having a minor site in lattice Y. 
The positioning of these sites around a crystallographic 
diad was similar in both space groups, identifying this 
as the molecular diad (Green et al. (1963)) (figure 1.14). 
Three-dimensional work at six Angstroms resolution was 
carried out, and on the basis of phases electron density 
.maps were produced (Simmons (1965), and Green (unpublished)) 
which had certain similarities. Unfortunately the pseudo-
centric arrangement of these sites is apt to cause 
difficulties in phasing. The maps were improved with the 
inclusion of a third derivative, K2Pt(NO2 ), which had 
two sites per monomer in both crystal forms. Even so, 
the phasing of lattice Y is suspect since all the major 
sites of,these derivatives have z close to -, the fINA 
site exhibiting ambiguity in refinement away from the 
screw diàd. A further search for derivatives has been 
made to try to overcome this, it being hoped that 
derivatives more suitable for high resolution work might 
be found (Sawyer (1971)). The derivatives which have so 
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because of cell dimension changes or in having 'messy' 
difference Fourier maps, probably due to lack of 
isomorphism or non-specific binding. Of the high p11 
forms, the lattice Z map still inspires more confidence. 
Although lattice X, the low pH form, suffers from the 
disadvantages of being triclinic and having a complete 
dimer per asymmetric unit, it was the only known salted-
out crystal form at lower pH. 
Crystallographic studies of this form would be 
necessary to reveal the conformational change at pH 7. 
out 
A three-dimensional low resolution study was carried by 
Komorowski (1971). Apart from using p-chloromercuri-
benzene suiphonic acid (pCMBS) rather than MMA as the 
-SH group reagent, the derivatives were the same as 
those used in lattice Y and Z. It became apparent, 
although there was no crystallographic diad, that a 
twofold axis of symmetry related the major sites of 
these heavy atoms and that the heavy atom arrangement 
around this axis was similar to the arrangement in 
Z and Y. Some extra minor sites were picked up and 
some of the minor sites had differing occupancies in 
the diad related positions. Sections of the three-
dimensional Fourier map perpendicular to the diad 
showed a marked similarity to the lattice Z Fourier 
sections, and no obviously altered regions of the 
molecule could be associated with the transformation. 
The only significant difference revealed by the 
study was the position of the -SB group, located by the 
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mercurial reagent. As seen in figure 1.14, this is 
sufficiently far removed from the corresponding sites 
in the high pH forms to be significant at this resolution. 
This effect has been hypothesised as a conformational 
change in this region, involving either a shift of the 
cysteine itself or a changeover of bridging so-that a 
different residue is unbridged in this form. 
In the course of this work, }Comorowski found that 
reaction of MMA with BLG at high pH, followed by 
crystallisation at low p1I, resulted in the production 
of crystals of a new form, the monoclinic lattice V. 
By chance, the crystallization of native BLG at low p14, 
using conditions which would normally produce lattice X, 
produced lattice V crystals. Projection work for the 
mercurial derivative was carried out, but since there 
is no reliable method for producing the native crystals 
nothing further has been done with this crystal form.' 
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1.4 Introduction to This Work 
The work on BLG described in section 1.3 had 
been carried out prior to my own research and was 
partly responsible for directing my investigations 
along the lines they took. 	The low resolution 
studies of all three crystal forms had produced sets 
of phases. 	It would be possible using these phases 
to calculate a difference Fourier map for isomorphous 
crystals with a slight modification, for instance the 
incorporation of a heavy atom. 	It was hoped in this 
case to apply this procedure to BLG modified by the 
removal of two C-terminal residues by enzymatic 
reaction with carboxypeptidase A. 	Investigations of 
this particular enzymatic digest had been made by 
-both Davie et al. (1959) and Greenberg and Kalan 
(1965).and these papers formed a basis for my own 
research. 
Both. sets of workers used carboxypeptidase to 
remove the C-terminal residue, Iie,and the penultimate 
residue,His. 	The digestion is brought to a halt by 
a cysteine which has been shown to be bridged. 	In 
this work I have distinguished these two possible 
modification states of the protein as BLG-Ile and 
BLG-His, BLG-His having had both lie and His removed. 
The important aspect of the digestion is that it can 
be carried out using un-denatured protein as substrate, 
suggesting that the C-terminus projects from or is 
located on the surface of the molecule. 	The 
modification need not necessarily have much effect 
on the protein conformation as a whole. 	O.R.D. 
measurements made by Greenberg and Kalan confirm 
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that the conformation is similar to the native. 
Both they and Davie et al. have been able to produce 
salt-free crystals of the product proteins. 
Davie et al. used mixed AB BLG as their substrate 
and they published a photomicrograph of salt-free 
crystals of BLG with over 90 % of the terminal 
isoleuci.ne and about 13 % of the penultimate histidine 
removed. They also obtained crystals of material 
with more complete removal of the histidine, but 
photomicrographs of these have not been published. 
These crystals of mainly BLG-]le are very varied in 
shape, from small crystals presenting a single, almost 
square, face to the viewer, to larger 'chunky' crystals 
with many faces. This mixture of shapes led Greenberg 
and Kalan to suppose that more than one crystal form 
was produced. This is not an unreasonable assumption 
since there are not only two genetic variants present 
in the preparation but also two different states of 
modification, BLG-Ile and a small percentage of BLG-His. 
The presence of small quantities of the native material. 
cannot be ruled out, with the additional complication 
that mixed dimers of BLG-His and BLG-Ile might easily 
be produced by the digestion. Such small differences as 
these would easily be enough to produce a new salt-free 
crystal form, as can he seen from the variety of salt--  - 
free crystals produced by Aschaffenburg et al. (1957b) 
due to small changes in the native protein. 
In the course of their work, Greenberg and Kalan 
crystallised BLG-His of the separate genetic variants 
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A, B, and C. 	After several re-crystallisations, 
tIe crystals produced in all cases closely resembled 
the first crystals described above, and were referred 
to as 'square platelets'. 	An initial crystallisation 
oE BLG B-His produced crystals which were more like 
the 'chunky' type of crystals produced by Davie et 
al. 
Since these workers were interested in this 
digestion with a view to confirming the C-terminal 
sequence and to investigating digestion conditions, 
they were not principally concerned with the type 
of crystals produced. 	Although no mention is made 
of the size of crystals produced, they would appear 
to be quite smll and certainly X-ray work on them 
was not reported. 	The shapes of these crystals is 
not characteristic of any of the native salt-free 
crystal forms typed to date and it was thought that 
preliminary X-ray work on these salt-free forms would 
be a useful exercise should it be possible to grow 
large enough crystals. 
In the salted-out crystal forms of native BLG, 
it has been found that the crystal form produced is 
much less dependent on small changes in the molecule 
than for the salt-free forms ; for instance, the 
addition of a heavy atom or the difference between 
the genetic variants. 	It was therefore hoped that 
salting out crystals of this modified protein would 
yield one of the same crystal forms as the native. 
In that case, utilising the phasing already done on 
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the native forms and the differences in intensity between 
the native and modified form it might have been possible 
to locate the position of the CZ-terminal residues. This 
information would be particularly useful in interpreting 
high resolution maps of the native. Because of the 
high proportion of random •chain proposed for this structure 
it is probable that an interpretation even at 3 
resolution or better would not be easy. Only the free 
-SH group of the molecule can be accurately positioned 
due to its reaction with mercurials. At the time that 
this work was begun, a full sequence of BLG was not 
published and without this information identifiable 
residues could not readily be related to the sequence. 
Any information which would give guidance in this task 
would necessarily have been invaluable, and it was with 
the hope that the C-terminus could be located that 
studies were begun on carboxypeptidase-modified BLG. 
-It -was foreseen from the beginning that this might 
not be a simple task since a conclusive result depended 
on making a big enough change in the protein to be 
detected by X-ray methods, without altering the protein 
sufficiently to cause it to crystallise in a different 
form, or to change the conformation of the molecule or 
its orientation in the cell, causing intensity changes 
which would mask those produced by the loss of C-terminal 
- 
	
	residues. This type, of problem is closely similar to 
that involved in locating the binding site of an 
enzyme by introducing an inhibitor; but in the latter 
case, high resolution studies would be likely to reveal 
how the inhibitor was bound, giving insight into 
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the binding of the substrate and into the reaction 
mechanism. 
It was with the aim of locating the C-terminus 
that an investigation of the carboxypeptidase-modified 
forms of BLG was embarked on. The work described in 
Chapters II and III covers the production and crystall-
isation of both E3LG-Ile and BLG-His. Despite crystall-
isation problems it was found to be possible to produce 
.salted-out crystals which were isomorphous with native 
BLG forms lattice X and Y. In this respect the project 
was successful. The difficulties were in interpreting 
the intensity differences in lattice Y with doubtful 
phasing and in explaining .the lack of intensity changes 
in lattice X. The problems seemed insurmountable with 
little hope of achieving the set object. 
Following this failure the research was directed 
towards investigation of an interesting new crystal 
form, lattice K, which had been produced in the course 
of crystallisation of the modified protein. It was 
not expected that the study would reveal the C-terminus 
position where the comparison of isomorphous crystal 
forms had failed. This line of research did prove 
quite fruitful, both projection and three-dimensional 
work being successful. The derivative work was very 
similar to the corresponding work on the native forms 
with the exception of: the platinum compound which 
reacted quite differently, and the effect of KI 
concentration on the reaction of the K2HgI complex. 
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The thesis therefore covers: all aspects of the 
crystallisation behaviour of BLG modified by digestion 
with carboxypeptidase; salt-free crystallisation and the 
classification of crystals of the type produced by 
previous workers; the crystallisation of the material 
in forms isomorphous to the native; and finally a full 
investigation of a new salted-out form to the stage of 
a three-dimensional 6 R phase determination using two 
derivatives, and consequent structure determination. 
S 
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CHAPTER II 	EARLY WORK. 
11.1 Introduction 
The work described in this chapter was carried 
out within the first year of my postgraduate studies 
at a time when I was familiarising myself with the 
techniques which could be used in protein chemistry 
for purification, crystallisation and chemical analysis. 
Consequently I was involved in trying out and evaluating 
the, usefulness of various processes, the larger part 
of the experimentation being away from the mainstream 
of the research. 	Some of it is relevant and it is 
this work which is presented here. 
11.2 Conditions for Enzymatic Digest. 
Before carboxypeptidase-modified BLG could be 
prepared on a scale suitable fo,r crystallisation 
experiments, small-scale experiments were undertaken 
to determine suitable reaction conditions. 	Dr. R. 	P. 
Ambler (Department of Molecular Biology, Edinburgh 
suggested that the carboxypeptidase might be brought, 
into solution using a method evolved by himself 
(Ambler, 1972). 
The water suspension of commercial carboxypeptidase 
A crystals is washed to remove stray amino acids and 
the enzyme is then encouraged to dissolve by the 
addition of a small quantity of NaOH (O.iM). 	This 
in turn is quickly neutralised by adding the same 
quantity of HC1, of the same molarity. , 'The solution 
is then buffered to pH 8.5, at which pH the enzyme 
will remain in solution for a few hours. 
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The BLG used in the digestion was dissolved in 
0.2M ammonium acetate buffer pH 8.5 to a concentration 
of 10mg/mi, the buffering action of the protein 
reducing the pH to 6.5. 	Varying amounts of the 
solution of carboxypeptidase were-added to samples 
of the above protein solution and the mixture was 
allowed to digest at 37°C for five hours. 	At the 
end of this period there was a noticeable carboxy-. 
peptidase precipitate and it was thought that further 
reaction time would have little effect. 
It was possible to determine the percentage 
release of lie and His by the following analysis. 
The precipitate of carboxypeptidase was spun down 
and the supernatant was removed and desiccated. 	The 
remaining solids consisted of the modified protein and 
the hydrolysed amino acids and salt. 	If this mixture 
was dissolved again and processed by an automatic 
amino acid analyser (in this case a Beckman machine), 
the amino acids would be analysed in the normal way, 
the protein remaining at the top of the column. 	The 
quantities of His and lie released could then be 
calculated and related to the total quantity which 
could have been released from the known amount of 
protein used in the experiment, had 100Z yield been 
achieved. 
The reaction rate of this digestion is pH dependent 
(Davie et al.), with a maximum at pH 7.6 for the 
release of isoleucine. 	With the conditions used in 
this case, the pH of the initial buffering solution 
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mixture after digestion of BLG with 
carboxypeptidase A. 
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was altered by the addition of the protein itself. 
In turn the p1-I was changed when the carhoxypeptidase 
solution was added. 	The resultant pH was somewhere 
between pH 6.5 and 8.5, but was not measured because 
of the danger of leaving traces of carboxypeptidase 
on the pH meter. 	The system was not ideal for 
testing pH conditions and the additional buffer had 
the disadvantage of raising the ionic strength, which 
has been shown by Davie et al. to reduce the reaction 
rate. 
Using ratios of carhoxypeptidase to BLG of 1/100 
to 1/20 by weight, it was found that 90 upwards of the 
isoleucine was released in all cases; the proportion 
of histidine released was dependent on the carboxy-
peptidase to BLG ratio, with yields of up to 752 
(figure 11.1). 	Because the removal of isoleucine 
was fairly complete and constant in this range, the 
ratio of released His to lie was taken to be a. good 
measure of the success of the reaction in removing the 
His. 	In subsequent larger-scale preparations (using 
0.59 of protein), this method was employed, and using 
a suitabl-e enzyme-to--protein ratio the digest could 
be directed to produce largely BLG-Ile or BLG-His as 
appropriate. 
The enzyme-to-substrate ratios required by the 
above method are greater than those quoted by Davie et 
al. for an unbuffered system. 	This would seem to 
be largely due to the greater ionic strength. 
It would have been advantageous if further work 
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had been done on this at the time to test conditions at 
a more favourable ionic strength, so that less enzyme 
might have been used. 	This was not in fact carried out, 
but the fact that the best yield conditions were not 
used should not have had an effect on the quality, of 
the product. 
The carboxypeptidase employed throughout the 
entire work was commercially supplied, from the Sigma 
Chemical Company. 	The BLG was of mixed A and B genetic 
variants supplied by Pentax. 	The same material was 
used in all the work of this thesis which could be done 
with mixed genetic variants. 	Where homozygous 
material was required the separation from pooled milk 
was carried out by myself. 
11.3 Work on BLG B 
Initially digestion was carried out exclusively 
on BLG B. 	The reason for this was that it was thought 
that it might be necessary to separate the two possible 
resultant modified proteins BLG-Ile and BLG-His before 
crystallisation, or at least to be able to monitor 
the percentage of each using starch gel separation. 
Because of the difference in charge of genetic variants 
A and B such a separation would be confused by using a 
mixture of variants. 	As it happened, milk was readily 
obtainable from several cows which had previously been 
typed as homozygous B , and therefore a convenient supply 
of this genetic variant was available. 
BLG was extracted by the method of Armstrong et 
al.(1966). 	Digestion conditions were chosen to 
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• produce a large proportion of BLG-I-Iis which, being 
the more modified protein, is easier to distinguish 
from the native using starch gel electrophoresis. 
Starch Gels 
Starch gel electrophoresis experiments were 
conducted to see if conditions could be found which 
would separate the modified material from the native. 
At pH 8.5 using a borate buffer, the protein migrated 
towards the positive terminal, native and modified protein 
not showing any separation. 	This . was not unexpected 
since isoleucine is a neutral residue and histidine 
would not be charged at this pH. 
At pH 5.5 using a cacodylate buffer, the protein 
hardly moves at all since it is close to its isoelectric 
point of pH 5.2. 	It was found necessary to use higher 
voltages (about 'iOOv) than are normally used. 	This 
was made possible by reducing the proportion of buffer 
in the gel mixture, since otherwise high current 
would have caused undesirable Joule heating, possibly 
resulting in cracking of the gel. 	With this treatment 
and long run times the protein would move by a detectable 
distance and was separated to some extent. 	A mixture 
of native and modified proteii, gave a smudged region 
extending over a greater length of travel than pure 
native protein. 	This effect could quite easily 
have been the result of the presence of mixed native 
and modified dimers, diffusion due to the long run 
times, or a combination of these effects. 
At pH 4 , using similar techniques, similar results 
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were obtained, except that both proteins migrated 
towards the negative terminal. 	Without a distinct 
separation of the materials into separate bands, 
little use can be made of starch gel electrophoresis 
as 'a purity or composition check. 	The charge difference 
between the modification states appears to be marginally 
too small to effect a separation. 	?lcKenzie (1967) 
describes the difficulties Bell encountered in 
separating BLG B and C using starch gels, these 
genetic variantshaving a greater charge difference 
(a glutamic acid being replaced by a histidine). 
It is therefore not surprising that clear separation 
was not obtained in this case. 
11. 1 C-Terminal Analysis 
With the failure to find a monitoring technique 
based on starch gels, the use of C-terminal analysis 
methods commonly employed in sequence work was considered 
as an alternative check on the modification state of 
the protein. 	Such methods have the advantage that 
they are applicable to all genetic variants or mixtures 
of variants. 
Further carboxypeptidase A digestion of a small 
sample of the protein could be carried out using a 
suffiaiently high ratio of enzyme to substrate to 
ensure the release of all residues up to the cysteine. 
Analysis of these residues on an amino acid analyser 
would give enough information to calculate the prop-
ortions of native, BLG-Ile and BLG-His present in the 
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sample, assuming complete removal of residues. 
The accuracy of the calculation would be dependent 
on an accurate measure of the quantity of protein 
used in the treatment. - 
This method would not yield a conclusive result 
for a sample of almost pure BLG-His since no residues 
would be released by the enzyme. 	A more positive 
test for the complete removal of the histidine would 
involve an amino acid analysis of the acid-hydrolysed 
protein sample. 	Since both BLG A and B variants in 
the native form contain only two histidines per chain, 
the removal of the penultimate histidine should cause 
a marked reduction in the proportion of histidine. 
These two methods have been employed to confirm the 
degree of modification of a sample when necessary. 
Generally the success of the batch digestions was 
monitored by the analysis of the removed residues 
as previously described. 
Hydrazinolysis is another method of end group 
analysis which could have been employed. 	In this 
method the protein is 	 +h 
anhydrous hydrazine, forming the hydrazides of each 
amino acid except the C-terminal residue. The 
hydrazides then have to be separated from the amino 
acid fraction before analysis since they would bind 
strongly to the column material and would be difficult 
to remove. 
Apreliminary investigation into the usefulness 
of hydrazinolysis in the present case was conducted 
using the method described by Schroeder (1972). 
One of the methods suggested for separating amino 
acids from hydrazides uses a phosphocellulose column 
from which Schroeder found that all the amino acids 
were eluted in the first 120inls, the hydrazides being 
strongly fixed. 	My own experience showed that a 
greater elution volume was required to elute histidine, 
which is the C-terminal residue of BLG-Ile, and there 
was contamination with unidentified ninhydrin positive 
material as well as poor yield of histidine. 	In 
BLG-His the C-terminal residue iscysteine which 
would be destroyed by the process unless converted to 
cysteic acid by oxidation with performic acid, a process 
described by Hirs (1965). 
Consequently, it was decided that the set of 
processes which would be involved in carrying out 
such an analysis would be too time-consuming to apply 
routinely, and poor yield of residues would place 
doubt on the conclusions drawn. 
11.5 Salt-Free Crystals 
Salt-free crystals were first obtained in a large-
scale experiment using 0.5g BLG B dissolved as before 
in 0.2M AmAc to a concentration of lOmg/ml. 	Carboxy- 
peptidase A was made up as before and a quantity 
added to give the same proportion of enzyme to substrate 
as had resulted previously in a high yield of BLG-His. 
The yield of His to lie in this case was 532. 
After digestion the carboxypeptidase precipitate 
- 70 - 
was spun down and removed and the reaction mixture 
was divided into two fractions. 	The first fraction 
was dialysed against distilled water and the second against 
10-4 M NaOAc buffer at pH 5.5. 	In both cases crystals 
formed overnight, but whereas the first set of conditions 
produced only microcrystals, the second yielded 
crystals of about one third of a millimetre in length. 
These crystals were long and with pointed ends, having 
six faces around the long axis (figure 11.2). 
They were not large enough for X-ray work and 
were superficially unlike any of the crystals grown 
by previous workers. 	It was also noted that, on 
further dialysis of the reaction mixture, no increase 
in the size of the crystals was achieved; the remaining 
protein precipitated in small amorphous lumps which 
did not completely dissolve again when returned to 
dilute salt conditions. 	This material is described 
by previous workers who considered it to be denatured 
protein. 	The material was present in quantities 
which were too large for it to be entirely carboxy-
peptidase. 
Having obtained some initial crystals, differing 
crystallisation conditions were tried to produce, if 
at all possible, either larger crystals or crystals 
with more similarity to those grown by previous 
workers. 
Recrystallisation of the initial batch of crystals 
was tried, dissolving-the crystals in different 
buffers and using higher concentrations. 	It was 
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Figure 11.2 	Typical salt-free crystal of modified BLG B 
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found that it was difficult to gauge the solubility 
of this material because of the presence of the 
'insoluble' amorphous precipitate and the fact that 
the crystals took some time to dissolve. 	In sub- 
sequent work 5Z solutions of BLG-His were produced 
using freeze-dried material, but in most of the 
present experiments concentrations of 0.2 and less 
were used. 	It was found that re-crystallisation 
did not produce larger crystals, and using different 
solvents had little effect other than altering the 
proportions of the crystals produced. 	A loss of 
material of up to 109 per crystallisation was the 
direct result of the production of insoluble fractions. 
A column purification step was tried based on 
the conditions used by Pietz et al. (1961) for column 
separation of A and B genetic variants of BLG. 	This 
technique uses a linear NaCl gradient from zero to 
0.08M concentration in 0.05N phosphate buffer at 
pH 5.8 on a DEAE column. 
Initially the concentration of the eluting salt 
was increased in a stepwise fashion to see if the 
modified protein was eluted at a similar concentration 
to the native, as would be expected. 	It was found 
that little protein was eluted below 0.08M NaCl, 
the main body of the protein being eluted at 0.08M 
NaCl, the residue of protein being removed by 0.16M 
NaCl. 	There was no justification for this process 
as a purification method since it could not be seen 
whether a separation of different components of the. 
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solution took place. 	It was intended to run a 
continuous salt gradient and to see if separate 
maxima were produced by different materials, but it 
was found that salt-free crystals produced from 
the major fraction of a run of this sort were different 
in appearance to those grown by an initial dialysis. 
The eluted protein of the major fraction was 
dialysed against water to remove the salt. 	In the 
course of diaiysis,crystals were formed which closely 
resembled the crystals grown by Greenberg and Kalan 
from 4-times re-crystallised material. 	Lying on a 
glass slide the crystals all had 'squarish' faces 
upturned, which were about 1/20 mm in both directions. 
The thickness of the crystals could not be measured. 
This was thought to be an encouraging result at the 
time since it produced results more in line with those 
of previous workers. 
To try to obtain crystals of a similar type, but 
larger, higher concentrations of protein were thought 
to be required. 	A second preparation of material 
was made with a similar column step. 	This was then 
dialysed for ashort time to remove most of the salt 
without precipitating the protein. 	The solution was 
rotary-evaporated to a concentration of 1.6mg/mi 
(determined by U.V. absorption) and dialysed against 
water. 	The majority of the protein precipitated as 
amorphous material, but among this were several crystals 
about 0.8 mm long and of the type first produced by 
myself, although tending to he more elongated. 	These 
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crystals were large enough for X-ray purposes, so the 
present work was put in abeyance while these crystals, 
designated lattice K, were investigated. 
X-ray Work on Salt-Free Crystals 
A crystal was selected and mounted in a quartz 
capillary. 	The long axis of the crystal was positioned 
along the length of the capillary, excess liquid was 
removed, and the ends were sealed, leaving a small 
amount of mother liquid at each end of the tube. 
On a precession camera, the long axis of the crystal 
was aligned with the spindle axis, and setting pictures 
were taken. 	It became immediately obvious that the 
crystal did not diffract well and a half-hour exposure 
( 2OmA, 40kV ) was required to produce a small angle 
precession setting photograph, which was still faint 
and difficult to interpret. 	With perseverance the 
crystal was set sufficiently well to take an8 degree 
precession photograph which, despite a long exposure, 
was very faint with few spots extending beyond 6 
degrees. 
A second axis was found at right angles to the 
first by rotating the crystal about its long axis, 
and a similarly faint precession photograph was taken. 
Because of the poor quality of both photographs it was 
not thought worth presenting them in the thesis but 
better photographs of the same crystal form can be 
seen in figure 111.5. 
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Cell Dimensions and Space Group  
The photographs showed a primitive trigonal 
reciprocal lattice. 	On one of the major axes ( the 
c* axis ) only every third reflection was present, 
indicating a threefold screw axis. 	The high symmetry 
of one of the photographs could only be due to a diad 
perpendicular to the threefold screw. 	The only 
possible spacegroups which correspond to this symmetry 
are P3 221 or P3 2 12 and their enantiomorphs (P3 1 21 and 
The difference between the two sets of spacegroups 
* 
lies in the relationship between the diad and the a 
( or b) axis which is perpendicular to. the c axis 
and in the direction of the shortest reciprocal lattice 
dimension. 	In P3212 the diad is perpendicular to the 
a axis, whereas in P3 221 it is parallel to it. 	In 
the case of BLG K the [010] photo has only twofold 
symmetry and therefore the spacegroup must be P3 221. 
or P3 1 21. 
Since these spacegroups are enantiomorphs of 
one another no distinction can be made without the 
help of anomalous scattering or some other criterion 
distinguishing the two 'hands'. 	It is of no great 
matter if the wrong enantiomorph is chosen at the outset. 
The analysis would be precisely the same a s for the 
true spacegroup except that a mirror image of the 
actual structure would be produced. 
The cell dimensions were worked out from the 
tOiO} zone. 	It was calculated that 
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*  
a = 0.0176 = b* 
* 
and 	c = 0.01175 
For a trigonal spacegroup C = 1/c 	and a = 
therefore 	a-= 65R = b and c = 85R correct to +3Z 
The unit cell volume is therefore 3.16 0 10 5 R 	+ 
This figure can be compared with the cell volumes of 
crystal forms of the native protein, lattices X,Y and Z 
( figure 11.3 ). 	The threefold symmetry restricts 
the number of dimers in the unit cell to multiples of 
three. Assuming the basic minimum of three, the 
volume per dimer compares reasonably with that for 
other spacegroups. 
Having three dimers per unit cell in this space-
group means that the asymmetric unitmust correspond 
to half a dimer. 	In the high pH forms lattices Y 
and Z the two halves of the dimer are crystallographically 
related by a twofold axis. 	This too must be the case 
in lattice K, and it is an interesting feature of a 
low pH form since, of all the crystal forms grown at 
low pH,both salt-type and salt-free, this is the first 
to have this property. 
It is an interesting coincidence that lattice Z's 
spacegroup is P3 2 21, so that lattice K has either the 
same spacegroup or its enantiomorph. 	The cell dimensions 
are quite different, which must be due to a different 
packing, but the molecular diad must correspond to 
the crystallographic twofold axis and so there are firm 
restrictions on the type of packing possible. 
Further work on this crystal form would have 
Lattice Cell 5Vol me 






(10 	A° 	 ) 
Y 3.06 4 0.77 
Z 2.89 3 0.97 
x 0.83 1 0.83 
K 3.16 3 1.05 
Figure 11.3 	Comparison of cell volumes 
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been advisable to check the spacegroup deductions 
made from the first two photographs, but the rest of 
the crystals from this batch had re-dissolved of their 
own accord and the mounted crystal, although still 
intact, was suffering from X-ray damage. 	It is 
unlikely that work on this salt-free form would have 
been continued beyond this point, had crystals been 
available, in view of the experiences of Aschaffenburg 
et al. with salt-free forms. 
& 
11.6 Salting-out BLG-Ile 
After the initial X-ray work on the salt-free 
lattice K crystals, work on salt-free forms was given up 
in favour of work on salted-out ones which would be 
more likely to produce suitable crystals for X-ray 
analysis and comparison with the native. 	It was 
primarily hoped to grow modified protein in a known 
salted-out form for comparison with native crystals 
of the same type. 
Some BLG B-His material had been employed in 
small-scale salting-out experiments using narrow bore 
glass tubing to hold the dissolved protein while 
dialysis was carried out against 4M AmSO at pH 7.5. 
Microcrystalline material was produced by this method 
but the crystals were disordered and were not identifiable 
as previously studied crystal forms. 	It was thought 
that experiments on a larger scale with more controlled 
conditions would be needed to produce crystals large 
enough for X-ray work. 
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This time the starting material used was Pentax 
BLG of mixed genetic variants A and B. This material 
included several re-crystallisations in its purification 
and therefore should have contained less contamination 
than the hOmozygous BLG B preparation. The use of a 
pure genetic variant has no advantage if a column 
separation step is notto be carried out. Only partial 
modification to BLG - lie was aimed at in the digestion. 
The main reasons for the decision to use BLG - lie were 
the following. It was hoped that BLG - lie would be 
sufficiently like the native to yielcj crystals under 
closely similar conditions. Much larger quantities of 
this material than BLG - His could be made for the same 
expenditure of carboxypeptidase. One disadvantage in 
using this material was that it must be contaminated by 
unmodified protein which could not be removed, but it 
was hoped that because the two materials were so closely' 
similar, this 'impurity' would not cause difficulties in 
crystallisation. Unfortunately, the difference between 
BLG - lie and native would be less likely to be detected 
by X-ray methods than with the more fully modified 
protein. 
Several 1 gram batches of material were prepared 
using a ratio of enzyme to substrate which was sufficient 
to remove only a small quantity of histidine (less than 
20%) while removing most of the isoleucine. The 
carboxypeptidase was removed by spinning down the 
precipitate after digestion, and the loose amino acids 
were dialysed out. Otherwise no attempt was made to 
purify the material which was freeze-dried, ready for 
crystallisation experiments. 
sffS. . 
The protein was dissolved in 0.2 N phosphate 
buffer at pH 7.5 to a concentration of about 10%. 
This was distributed between small crystallisation tubes 
(about 3.5mls. volume) in 1 ml. quantities and 4 M 
phosphate or ammonium sulphate and water was added in 
varying amounts. The pH was then adjusted if necessary. 
During these experiments it was discovered that some of 
the protein precipitated at a much lower concentration 
of ammonium sulphate (i.e. about 0.08 N) than is usual 
for similar concentrations of the native protein. 
None of this material showed any signs of crystallisation. 
Because this is obviously a property of the modified -
protein rather than of the native it was thought that 
a physical separation of the two materials might be 
made by precipitation where a chemical one was impossible. 
It was decided to investigate this phenomenon to evaluate 
its usefulness as a purification step. 
Precipitation and Aggregation 
A 10% solution of native BLG does not normally 
precipitate with less than a 1.4 M concentration of 
ammonium sulphate. A 10% solution of mainly BLG - lie 
material in 0.2 M phosphate was made up and 4 N 
ammonium sulphate was added until the concentration of 
salt was 1.4 N. The solution was allowed to stand for 
a few hours to allow precipitation to occur and the 
precipitated fraction was spun down and removed. 
Both the precipitated fraction and the fraction remaining 
in solution were analysed by treating them with an 
overdose of carboxypeptidase. Both released a similar, 
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vanishingly small quantity of isoleucine against a 
large histidine peak, showing that they consisted of 
essentially the same material, BLG - lie. It appeared 
that while the BLG - lie does precipitate at a lower 
concentration of salt, a lot of it remains in solution 
past 1.4 M AmSO 4 . In this case three quarters of the 
protein was precipitated. The BLG - lie is precipitated 
less sharply by increasing salt concentration than the 
native is, and if this method of precipitation was to 
be used to separate BLG - lie from native BLG a lot 
of material would be lost by taking only the precipitated 
fraction. The most major drawback in using this as a 
purification method was that the precipitated protein 
was reluctant to return to solution with the addition 
of water or dilute salt and formed only a rather turbid 
solution at the best of times. 
Turbidity can be caused by a high molecular weight 
material and it seemed possible that some kind of 
aggregation of molecules occurred during this process. 
To test this theory, solutions of both fractions were 
applied to a Sephadex G75 column and the results were 
compared with native BLG, in relation to €.DNP Lys 
(figure 11.4). 
This clearly showed that the majority of the 
precipitated protein was in a highly aggregated state 
while that not precipitated had a molecular weight 
similar to that of native BLG. This suggested that 
the precipitation at lower salt concentrations was due 
to a tendency to aggregate which causes the protein to 
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Precir/ijtf\te at 1.4M AmSO 
- DNP Lys 
ggregate 	 elution volume 
Supernatant at 1/.4M Ar\SO 
£ DNP Lys 
elution volume 
Aggregate after dialysis against water 
- DNP Lys 
elution volume 
Figure 11.4 	Sephadex runs of BLG-Ile 
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be less soluble, or precipitation may have induced 
aggregation, producing a greatly aggregated precipitate 
which is not easily brought back into solution. 
The aggregated material coming off the column 
was very noticeably more turbid than the solution 
which was put on the column, and addition of salt did 
not reduce this turbidity on a short term basis. Since 
no other techniques seemed to be applicable to this 
material, I dialysed it against water for about a 
week and it became clear. To test that it had not 
simply been degraded by bacterial action it was re-run 
on G75 (figure 11.5) and came off in one major peak 
still of higher molecular weight thañ:.native BLG, with 
a smaller peak of normal molecular weight. It seems 
that the aggregated material can be encouraged to dissolve 
given time and the right conditions, but separation into 
dimers is not complete. 
The molecular weight of the aggregate cannot be 
guessed at under these conditions since G75 does not 
cover a large enough range to deal with particles of 
this size. It certainly seems that several different 
degrees of aggregation are possible. The double peak 
of the aggregate fraction illustrates this. The fact 
that a proportion of particles was large enough to 
be spun down before the Sephadex run indicates an even 
larger degree of aggregation. 
This effect may explain why no crystals formed from 
the precipitate at lower salt concentrations and it was 
found necessary to use conditions for crystallisation 
15 
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similar to the native conditions in order to produce 
crystals. Crystals large enough for X-ray work were 
grown in 2.1*5 M phosphate at pH 7.5, and had the appear-
ance of LatticeY crystals. 
The discovery of a tendency to aggregate in BLG 
- lie led me to consider whether any similar property 
had been noticed in BLG - His. The amorphous material 
which precipitates after crystals have formed during 
dialysis against water has the similar property of 
being almost impossible to bring back into solution. 
This material might be due to the BLG - lie fraction of 
the preparation only, but this seems unlikely since it 
occurred on every crystallisation, whereas the 
proportion of BLG - lie was usually small and would be 
quickly exhausted. The only Sephadex run carried out 
on a BLG - His preparation used re-dissolved salt-free 
crystals which proved to be in the dimer state. This 
experiment was carried out on my behalf by Dr. H. P. 
Ambler. On treatment with ammonium sulphate in later 
work with BLG - His, precipitation at lower salt 
concentrations was not noticed to the same extent as 
with BLG - lie. 
X-ray work on BLG - lie crystals 
Precession photographs were taken of these crystals 
showing that they were indeed Lattice Y with no measure-
able change in cell dimensions and no obvious intensity 
changes. On close examination there did appear to be 
very slight intensity changes, although it was difficult 
to be sure. It was therefore considered that, if changes 
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were present, they would be too small to be accurately 
measured by comparison of photographic data. There were 
crystals large enough for diffractometer data-
collection, and it was decided that a sample set of 
data should be gathered to establish whether measure-
able changes were present. 
Data-collection was carried out using a Huger 
and Watt linear diff'ractometer, which collects data in 
layers perpendicular to thespindle axis of the gonio-
meter. A large crystal was chosen and mounted in a 
glass capillary tube with the long axis of the crystal 
lying along the tube. In native Lattice Y crystals 
the long axis of the crystal is the b axis so that 
with this mounting one would collect EOiO) layers. A 
* 
strong reflection on the b axis was therefore 
sought for aligning the crystal along the spindle 
but could not be found at the appropriate place. 
It was found that the long dimension of these crystals 
corresponded to the a axis, and setting was successful 
assuming this orientation. 
Two quadrants of the 11003 zone, zero layer, were 
collected up to 3 Angstroms resolution with an inner 
limit of about 8 Angstroms, since within this limit 
the machine cannot set accurately on reflections. The 
data was processed by applying absorption corrections, 
Lorentz corrections, and polarisation corrections. The 
corresponding data available for unmodified Lattice Y 
crystals had been collected photographically; it was 
thought that it would be better to re-measure this data 
on the diffractometer for a fairer comparison. This was 
carried out in a similar way as for the previous set, 
to quadrants being collected. The crystal had to be 
rather awkwardly mounted, with the long axis across the 
glass capillary, so that it was in a similar orientation 
to the previous crystal. Luckily this mtunting was 
stable enough, so that the crystal üeither cracked nor 
slipped during data-collection, although it had the 
disadvantage of producing large absorption effects. 
The two quadrants of each data-set were averaged 
and those reflections with poor agreement were discarded. 
The average difference in F values (delta F) was then 
about 8% for both sets of data, which is slightly high 
for diffractometer measurements. The native data was 
brought onto an absolute scale by scaling against the 
photographic data by using the sum of common F's. 
Then a comparison of the two sets was undertaken, the 
radial and magnitude distributions being presented in 
figure 11.5. This shows larger differences between 
the two sets (about 17%) than might be expected from errors in 
measurement alone. Some of this might be due to 
the difficulty in making an accurate absorption 
correction especially for the native data-set, but 
even so differences of this level are most likely to 
indicate real intensity changes, albeit rather small 
ones. 
Unfortunately, even if there had been small 
changes, it is unlikely that anything constructive 
could have been done with them. The phases of Lattice Y, 
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Radial distribution 










1 22 O.?418 502 564 120 
2 43 0.2056 544 524 82 
3 22 0.2608 400 379 54 
Magnitude distribution 








1 28 230 220 72 
2 47 527 520 81 
3 12 ioo6 1055 130 
Figure 11.5 	Comparison of native and BLG-Ile data 
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particularly the fiOo] zone 7 are not greatly to be relied 
upon and only extend to 6 Angstroms resolution. There 
are therefore few reflections of this set for which 
phases are available. With these few terms, in a 
poor projection it is unlikely that real features would 
be distinguishable from spurious ones. A difference 
map was calculated but it had few features on it; 
because these were unlikely to mean anything, the map 
is not presented here. 
If there had been sufficient confidence that these 
intensity changes were measureable and useful then a 
full three-dimensional, six Angstrom set might have 
been collected at the time. This. was not done both 
because of the Lattice Y phase situation and because of 
the possibility of doing better, either with a more 
modified form of the protein or a better phased crystal 
form. There was also a certain amount of suspicion 
that the crystals might have contained a significant 
percentage of unmodified protein since the differences 
were not as large as expected. For this reason, the 
following analysis was carried out to establish the 
percentage of the possible constituents. From previous 
analysis at the time of the digestion, it was expected 
that about 25% of the protein had both isoleucine and 
histidine removed, with a small percentage (up to 10%) 
of unmodified protein remaining, leaving the rest in the 
BLG - Tie state. These ratios could easily have been 
altered by BLG - lie becoming aggregated and insoluble, 




It was decided to carry but an analysis on the 
actual crystal used in the X-ray work since it contained 
enough protein. It was dissolved up and the salt was 
removed by dialysis. The protein was then treated 
again with carboxypeptidase, which was expected to 
release histidine from the BLG - lie and some isoleucine 
from the unmodified constituent. However there were 
only trace quantities of these amino acids and a number 
of others in the analysis. This result could possibly 
have been due to prior complete removal of both residues, 
but it seems much more likely to be the result of 
human error at some point in the process. 
In order to have more positive evidence, the 
experiment was repeated using washed crystals from the 
same crystallisation batch, all of which had the same 
unusual dimensions. These were used for acid hydro-
lysis and also for digestion with carboxypeptidase. 
The hydrolysis revealed that the relative proportion 
of histidine had been lowered by about 30% compared 
with native hydrolysis, confirming that about 30% 
BLG - His was present. The digestion released more 
histidine than isoleucine. Calculations assuming 
30% of BLG - His result in 45% BLG - lie and 25% 
native BLG. These percentages indicate a lower 
proportion of I3LG - lie than expected (possibly due to 
loss of material on aggregation) and a higher percentage 
of native. The important point is that they show that 
modification - although not complete - had gone far 




Lattice X crystals were also grown from a similar 
batch of largely BLG - lie material using conditions 
similar to those required to produce native BLG 
crystals, i.e. 2.2M ammonium sulphate, at pH 6.5. 
Precession photographs of these showed complete 
isomorphism with the native crystals, but there was no 
suspicion of intensity changes on comparison by eye with 
photographs of the native. Especially since there are 
no centric reflections for this space-group, differences 
of the order expected would have been difficult to 
pick up, and it was decided that a greater degree of 
modification would be advisable before further study 
was made of this lattice. The Lattice X crystals 
were rather too small for diffractometer work. 
11.7 Conclusion 
The work of this chapter consisted of a series of 
experiments investigating some of the properties of 
the modified forms of BLG. Some of the topics of study 
yielded little, e.g. the starch gel work; others were 
interesting side-issues. The preparation and analysis 
of salted-out BLG - lie crystals was the )flly work which 
contributed directly to the original goal of the research 
since it demonstrated that both Lattice Y and X may be 
grown using modified protein. 
If the search for the C-terminus was to be successful 
it was more likely that the more modified BLG - His 
would yield sufficiently large intensity changes to 
- 91 - 
give conclusive results. It was therefore decided that 
this material should be studied next in order to 
establish whether similar crystallisation conditions 
could be used with success. 
S 
MIM 
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CHAPTER III BLGHIS CRYSTALLISATIONS 
111.1 High pH Crystallisations 
Several digestions were carried out of 0.59 
batches of mixed BLG A and B from Pentax, using 
carboxypeptidase in such proportions as to release 
75% to 90% of the histidine, assuming 100% release 
of isoleucine. 	The precipitate of carboxypeptidase 
was removed after digestion, and the supernatant was 
dialysed against water and then freeze-dried. 	For 
crystallisation experiments the protein was dissolved 
up again to obtain concentrations of between 0.2% 
and 5% in 0.2M phosphate buffer at pH 7.5. 	tiM 
phosphate or ammonium sulphate was added to aliquots 
of this solution to produce a final salt concentration 
of 1.5M to 2.4N. 	The pH was controlled when phosphate 
was used as a precipitating agent by the buffering 
action of the phosphate itself. 	Using ammonium 
sulphate the resultant pH of the protein and salt 
mixture was about 6.5 so that adjustment was required 
for the high pH crystallisations only. 
High pH crystallisations were tried more extensively 
at first.' 	Concentrations of less than 2M phosphate 
produced only amorphous precipitate. 	Higher salt 
concentrations resulted in the very rapid production 
of disordered crystals of various sizes, sometimes 
followed by the growth of very small to microcrystalline 
ordered crystals. 	Only occasionally were small 
perfect crystals obtained, usually under conditions 
which had previously produced only disordered specimens. 
- 	 - 
These crystals were rectangular platelets, often 
very thin, which could have been of lattice Y type. 
One possible explanation for the production of 
either disordered or perfect crystals under the same 
conditions could be that lattice Z crystals are more 
sensitive to the slight differences in the modified 
forms and grow in a highly disordered state. 
Certainly no perfect lattice Z crystals were seen 
in either BLG-His or BLG-Ile crystallisations. 
D.isordering might also have been associated with the 
presence of aggregates and for this reason attempts. 
were made to clean up the protein solution. Micro-
filtration was used to reduce the cloudiness of the 
protein solution, but with little change in crystal-
lisation results. 	The fraction of the protein 
solution which precipitates at 1.5M ammonium sulphate 
was also removed, but this procedure had little 
effect either. 
It was just possible to carry out photographic 
X-ray work on the small crystals which had been grown. 
The rectangular platelets were about Imm by *mm and 
very thin. 	When oriented so that the X-ray. beam 
struck them edge on, no observable diffraction was 
recorded on film. 	Only when the platelet was 
positioned perpendicular to the X-ray beam was it 
possible to set on an axis, which proved to be the 
c-axis of lattice Y. Precession photographs were taken 
at 10 degrees and 15 degrees. 	There were no measureable 
cell dimension changes, but intensity changes were 
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Radial distribution 
Zone Number of Root mean Mean F Mean F Mean 
Reflections 'square l/d BLG-His BLG delta F 
1 20 0.1067 431 457 126 
2 31 0.1688 398 388 126 
3 27 	' 0.2185 629 606 139 
4 18 0.2554 583 607. 195 
Magnitude distribution 
Group Number of 
Reflections 






1 37 129 226 118 
2 17 431 471 170 
3 28 722 607 163 
4 14 1152 1077 136 




detectable by eye. 	- 
The film was measured using the Joyce-Lobel 
microdensitometer, the tiny spot size making it 
difficult to ensure that the darkest part of the 
spots were measured in every case:. 	The resultant 
data was compared with native data also microden- 
sltometer measured (figure 111.1). 	The differences 
might be attributed to errors of measurement alone 
but it was encouraging that the largest changes 
corresponded to reflections where an intensity change 
could be seen by eye. 	The reflections of this 
photograph were centric and happened to be part of 
the set of reflections for which reasonable phases had 
been calculated. 	The molecular twofold is a crystal- 
lographic twofold in the c direction through the 
origin of this projection. 	The arrangement of 
heavy atom sites around this diad has been confirmed 
by comparison with other forms and is sufficiently 
general in this projection to be useful in phasing 
all reflections. 
Because of this it was thought worthwhile to 
calculate a difference map to see if a negative 
feature appeared. 	This map is shown in figure 111.2 
and was worked out from phases based on three derivatives 
out to six Angstroms resolution. 	The largest 
negative feature of the map lies on the b/4 twofold. 
The height of any feature at this position must be 
doubled by the symmetry, so the negative feature 
near the b-axis is effectively larger. 	Nonetheless, 
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Figure 111.2 Difference Fourier of native BLG 
against BLG-His lattice Y. 
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- it is not much higher than the other negative regions 
of the map and is certainly insufficient evidence for 
fixing the C-terminus there. 	Projection data is 
at the best of times prone to error and in this case, 
with poor data, especially so. 	It would require 
a three-dimensional study to draw convincing conclusions; 
with the crystals available this was simply not 
possible. 
111.2 Low pH cystallisations 
In a single test crystallisation at pH 6.4 and 
2.3M ammonium sulphate using a small amount of protein 
from one of the previous batches, a large number of 
small crystals were grown which had the characteristic 
shape of lattice X. 	These crystals took about 
three weeks to appear, as is usual for native lattice 
X, and none were disordered. 	It was established 
by carrying out X-ray photographic work on these 
small crystals that they were indeed lattice X and 
had no cell dimension changes on the riOO] zone 
precessionphotograph. 	The spots were rather small, 
and with this quality of data it was difficult to 
decide if there were intensity changes; certainly 
there were no obvious ones. 	It was decided that 	a 
more complete investigation of low pH crystallisation 
conditions should be carried out in an attempt to 
grow larger X crystals, especially since disordering 
problems had beset the higher pH crystallisations. 
With a different batch of BLG-His material, 
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2.3M ammonium sulphate was sufficient to produce 
quite a heavy precipitate and so a range of crystal-
lisations with salt concentrations down to 2M were 
set up. 	After a week,crystals had appeared in the 
2 .31\crystallisation tube, but in none of the others. 
These crystals were obviously not lattice X since, 
rather than being needle-shaped, they appeared to be 
small cubes. 	Viewed under magnification it was seen 
that the crystals were not exactly cube-shaped since 
the faces were rhomboid, the 'cube' being stretched 
or compressed along one diagonal.(figure 111.4) 
They were about - mm in length and were thought at 
first to be marginally too small for serious X-ray 
work, but it was found to be possible to take very 
good photographs with them. (figure 111.5). 
Further crystals of this type were grown'by 
raising the salt concentration in the other crystal-
lisation tubes of this batch. 	After another three 
weeks, small lattice X crystals began to appear in 
the same tubes. 	Since the new form was then under 
study, more ammonium sulphate was added to stabilise 
the existing crystals and prevent the growth of the 
latticeX crystals. 	This precaution was taken 
particularly since lattice Z crystals at high pH 
are known to be less stable than lattice Y and to 
dissolve up on the appearance of the more stable form. 
X-ray studies were carried out on the new form 
described in section 111.2.1 ; in the meantime 
further batches of BLG-His were produced and similar 
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conditions were used to try to grow more crystals 
of either this type or lattice X. 
This work was abandoned after several batches 
had failed to produce crystals at all. 	It now seems 
most likely that the reason for this failure was due 
to the native protein used. 	Crystallisation pre- 
parations using the same batch of native protein 
set up by a number workers failed to produce any 
crystals. 	Because of this, further work on the 
modified lattice X was not carried out for some 
t 
time. 	The small lattice X crystals of the first 
batch did grow slowly despite the high concentrations 
of salt, and a year and a half later were large 
enough to be used to take good precession photo-
graphs. 
A precession photograph of the [100] zone was 
taken using these crystals 	it confirmed that the 
cell dimensions were unchanged, and no intensity 
changes were evident. 	In order to make a more 
quantitative comparison of this data with the native 
data, both this film and a corresponding native 
film were scanned using a Saab scanner. (Details 
of this method and its accuracy are covered in 
Appendix V.A) 	 - 
If Friedel's relationship is assumed to hold 
in this case Friedel pairs on the film are equivalent, 
resulting in two independent measurements of each 
reflection. 	These measurements differed by two 
to four percent in F on average. 	Comparing the 
averaged set of F's from both films gave differences 
of about eight percent which were principally among 
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Radial distribution 
Zone iNumber 	01' 
Reflections 
Root mean 	Mean F 
square l/d BLG-liis 




1 45 0.0707 	 197 198 14 
2 25 0.1147 	 189 187 15 
3 6 0-1501 	 141 140 14 
Magnitude distribution 






- 	 Mean 
delta F 
1 8 58 64 26 
2 48 162 160 14 
3 20 309 311 11 
Figure 111.3 	Comparison of native and I3LG-His 
lattice X data 	 - 
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the smaller F's, known to be less acurately measured. 
The differences are certainly larger, but not much 
greater, than might be expected for different films 
of identical crystals. 	A comparison of the two 
sets of data is shown in figure 111.3. 
Even if these differences had been genuine they 
were rather too small to hope to be able to prove 
anything with them. 	Because there were good phases 
for this lattice it was decided nevertheless that a 
Fourier map should be calculated to see if any 
feature was evident. 	The first set of phases used 
were those calculated by Komorowski on the basis of 
three derivatives; pCMBS, K2HgI and K2Pt(NO2 ) 4 , 
and had a mean figure of merit of over 0.8. 	This 
map ., if it was to have any meaning, should have 
contained two negative regions which could be related 
by the diad. 	The first map produced did have such 
features but they corresponded to the K2HgI sites 
and were thought to be a side-effect of the phasing 
The only other features of the map were two positive 
regions which could also have been related by the 
diad and .did not correspond to any site used for 
phasing. 	Because positive regions were not expected 
these were not thought to be meaningful features. 
A second set of phases of this zone, produced 
by Keith Woods using a new mercurial derivative 
DCMNP (dichloromercurinitro phenol ) instead of 
pCMBS was also available and appeared to be a better 
set since a mean figure of merit of 0.9 was obtained., 
'a 
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A second map was therefore calculated using these 
phases as a check on the previous map. 	Both obvious 
positive and negative features disappeared and no 
other peaks or holes appeared which were significantly 
higher than the background ripple. 
On the basis of both maps it was decided that 
no conclusions could be drawn about the position 
of the C-terminus. 	It seems that the differences 
created by the removal of the two residues are not 
large enough to be of any use. 
111.2.1 The New Low ]2H Crystal Form 
It was decided to investigate the.'new' crystal 
form of the modified protein which had been grown 
at low pH. 	A crystal was mounted and set on an 
obvious zone. 	The crystals diffracted very well 
compared to the salt-free crystals which had pre -
viously been used and there was no difficulty in 
setting and taking a good precession photograph. 
This photograph was the loiol zone of a trigonal 
spacegroup and a second photograph, of the 
zone, was taken from the same crystal. 	The similarity 
between this crystal form and the salt-free form 
was not immediately noticed and so the spacegroup 
was independently deduced to be P3221 (or P3 1 21). 
It was possible to verify this deduction by taking 
both the [001] zone and its first upper layer which 
confirmed this without doubt. 	Furthermore the cell 
dimensions were calculated to be 
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Figure 111.4 	Appearance of salted-out lattice K crystals 




The joioj zone 
- 
The [1 TO] zone 
Figure 111.5 	Precession photographs of lattice K. 
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a. = b = 65.5 .i: 1 OA 
	
c=85+i 
It did seem surprising at the time that a third 
crystal form had been discovered with essentially the 
same spacegroup, but this was not sufficient to prompt 
a comparison of this form and the salt-free form. 
This was largely due to the fact that the salt-free 
work had been completed some time before, and my 
confidence in it was not great due to the poor 
quality of the photographs, to the lack of confirmation 
of spacegroup, and to the use of only one crystal. 
The photographs were not directly comparable having 
been taken at different crystal-to-film distances. 
It was not until sometime later that the similarity 
of the actual diffraction patterns was noticed and 
the cell dimensions were seen to be identical within 
experimental errors. 	This result was sufficiently 
remarkable to warrant a fuller investigation. 	As 
far as one can tell, with the great difference in 
intensity levels of the photographs of both forms, 
the diffraction pattern is identical. 	It seems 
that identical crystal forms are produced both by 
salting-out and salt-free conditions. 	To my knowledge 
this situation has not been encountered before and 
it is certainly an interesting and unusual case. 
On the discovery of this ph'nomenon attention 
was once more turned to the papers of Davie et al., 
and Greenberg and Kalan to compare the shape of their 
crystals with my own. 	I was immediately struck by 
the close similarity of the 'square platelets' grown 
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by Greenberg and Kalan and the salted-out lattice K. 
Because of the tendency of lattice K crystals to lie 
or one of the large faces, presenting the opposite 
face to the viewer and having the side faces almost 
perpendicular, they do indeed look like platelets. 
The upper face is not square as can be seen clearly 
in the larger crystals of lattice K and indeed 
Greenberg andKalan's crystals are not square either. 
It therefore seems most likely that these crystals 
are of the same lattice. 
Some of the smaller crystals grown by Davie et al. 
are of this type too but the others vary greatly in 
shape. 	It had been noticed in some of the salted- 
cut lattice K crystals that the Toio faces were often 
present, appearing as 'chopped-off corners of the cube'. 
These are the faces which would have to have been 
predominant to give the long, hexagonal-shaped, salt-
free crystals which I grew. 	Since both the 'cube' 
type and the hexagonal-shaped crystals may be grown 
in salt-free conditions, it is not unreasonable to 
suggest that crystals might be grown with shapes 
midway between the two extremes, such as seen in figure 
111.6. 	Most of the crystals grown by Davie et al. can 
be described by these models. 	Some of the larger 
crystals do have more faces and might possibly be 
a different form, but most of the crystals not 
conforming to the rules are simply disordered or 
badly chipped. 	The crystals from the initial 
crystallisation of BLG B-His by Greenberg and Kalan 
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fi gure 111.6 	Lattice K habits and intermediate stages 
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were much more uniform in shape and could be described 
by the same model. 
The conclusion which may be drawn from the above 
study is that the majority of salt-free crystals 
produced by myself, Davie et al., and Greenberg and 
Kalan are most probably of the lattice K form, the 
differences in shape being due to a variable habit. 
It is an interesting fact that the same crystal 
form appears in both salted-out and salt-free forms 
and must be a reflection on the mechanism which binds 
the molecules in the crystal. 	Obviously the same 
type of intermolecular connections must be made in 
both cases. 	The salt-free free form gave a much 
poorer diffraction pattern for the size of crystal 
used, with what appears to be greater fall-off. 
It would seem that the main effect of the salt 
content of the lattice structure was an introduction 
of further stability either.confining the conformation 
of the molecule more closely, allowing more inter-
molecular connections to be formed, or strengthening 
the existing ones. 
Geometryof the lattice K 'cube' 
The salted-out lattice K crystals have the same 
cube-like appearance already described. 	It is 
almost impossible to tell from examining the crystals 
by eye whether the triad corresponds to an extended or 
contracted diagonal of the 'cube' since there is so 
little distortion from 'a perfect cube. 	In either 
case rhomboid 	1011 faces would be produced either 
with three acute or three obtuse corners joined at 
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x 
(a) 
Figure 111.7 	Geometry of Lattice K 
(J I- 
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the triad point. 	It would clearly be an advantage 
when taking X-ray photographs to know which situation 
was obtained since it would then be easier to deduce 
the orientation of the crystal. 
It is obvious that the geometry of the exterior 
crystal shape is simply related to the cell dimensions 
a,b,and c and it is therefore possible in this case 
to work out the relationship between the angle of 
the rhombic faces at the z-axis point and the cell 
dimensions. 	This was readily determined by the vector 
algebra which follows, although there are alternative 
methods of tackling the calculation. 
Figure 111.7(a) shows a typical crystal of 
lattice K shape. 	The faces are assumed to be the 
{iioi} and equivalent faces since they would give 
this shape of crystal. 	With this assumption, the 
length ON is equal to a whole number of the unit 
cell dimension c,and ON is made up of the same 
number of b's. 
Therefore 	ON - £ - £ 
OM - b - a 
Figure 111.7(b) represents the crystal shape 
in a different orientation. 	The axes shown are 
those of a suitable coordinate frame for vector 
al4pra and nothing to do with the crystallographic 
axes. 	OR is the unique diagonal and hence 
OR 	C ; PV being 2*OM in length. The lengths 
PY - a 
of all the sides of the figure OT,OP,TU,PQ etc. must 
all be of equal length p, say. 	The geometry also. 
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makes it necessary that the angles T6P,TOV and VÔP 
be equal and this angle is called Q. 	What is of 
interest is the relationship between W and the 
ratio c/a. 	This can be found by expressing both 
lengths OR and PV in terms of p and t by the following 
involved method. 
Because the face OVQP is part of the z=O plane 
the vectors OP and OV can be simply expressed as 
OP = (p,O,O) 
OV = ( p cosL),p sinL), 0 ) 
By using the fact that Tbv=W and TO*"P=W , OT can be 
shown to be :- 
( p , p cosC(1-cos())/sin(),p( sin 2+2cos2 cosi)Y ) 
sin L.i 
PV can be calculated by subtraction of OP from OV 
to be :- ( p( cos(j)-1) , p sinU, 0 ) and its 
length is therefore ( 2p (1-cos( )). 
OR is simply the sum of OT,OP and OV. Its length 
is 	( 3p(1+2cosC) ))*• 
Hence 	R 2 	3( 1+2cosL) 	2 
	
(10) 
- 2( 1-cos) = 	
(111.1) 
Lattice K 
In the lattice K case, a=65.5,c=85 R' and so 
c 2/a 2 = 1.68 , obviously not greatly different from 
the cubic case. 	Using the relationship III.1,wis 
calculated to be 87.80 • 	Enlarged photomicrographs 
of lattice K crystals like that in figure 111. 14 
allow this angle to be measured directly, giving a 
value of roughly 860 . 	This is in reasonable 
agreement with the calculated value. 	The Miller 
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indexing of the faces must therefore be correct 
and the fact that this is acute shows that the 
triad diagonal is extended rather than contracted. 
Lattice Z 	- 
Having worked out relationship 111.1 for the 
lattice K case it is interesting to apply it to 
lattice Z which has the same spacegroup and similar cell 
dimensions and habit. 	For lattice Z , a=56.4 
0 	 0 and c=113.1 A ,giving a calculated value of W of 68.8 
The lattice Z crystals are very far from the cubic 
case,as is obvious from photomicrographs. 	The 
crystal forms have therefore quite different overall 
appearances and could easily be differentiated from 
each other by shape alone. 
111.3 Conclusion 
This chapter has described work on all the salted-
out crystal forms which it was found possible to grow. 
Unfortunately none of them brought the realisation 
of the goal of the research any nearer. 	Lattice Y 
crystals did have intensity changes which could be 
picked out by eye, but extensive crystallisation 
trials indicated that either a much purer protein or 
a very different crystallisation method must be 
used if more suitable crystals are to be produced. 
Even if that problem were solved, phasing would 
cause difficulties, and it is altogether doubtful 
that anything could be proved from even a three-
dimensional study. 
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The lattice X situation is more perplexing. 
The best measuring techniques do not detect any 
significant changes and yet the biochemical evidence 
that almost total removal of two residues per chain 
has taken place is irrefutable. The only possible 
way in which these residues could be 'invisible' 
to X-rays would be by being disordered, the terminal 
part of the chain being free to move jbout in the 
solution. 	This is not unreasonable since the end 
is obviously available and pliable enough to be 
digested off by the enzyme,but its movement must be 
constrained by the bridging of the adjacent cysteine. 
The replacement of a disordered couple of residues 
by a solution of similar density might not be a big 
enough effect to give measureable intensity changes, 
possibly explaining the lattice X case. 
If that theory is accepted, then what causes 
the intensity changes in lattice Y ? 	It could be 
that these residues are more ordered in the high 
pH Tanford form or that they could be held in place 
by intermolecular contact in this particular lattice. 
In that case the changes might be genuinely due to 
the lack of a C-terminus. 	Nevertheless the lack 
of changes in lattice X raise the question of whether 
the lattice Y changes might be due to a lack of 
isomorphism as a side-effect of the C-terminus 
removal. 	In any case, lattice 	crystals of the 
modified form will not yield any information about 
the C-terminus. 
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It appeared that the original aim of this 
research had proved unachievable and that the research 
had to take a new direction. 	There was a choice 
between completely abandoning carboxypeptidase 
digested BLG and continuing with it on the only 
remaining crystal form, lattice K. 	This crystal 
form has the interesting distinction of being the 
only low pH crystal form of BLG which has the molecular 
diad as a crystallographic feature, crystallographically 
demonstrating the twofold nature of the dimer. 	It 
is remarkably similar to the high pH form, lattice Z. 
in both spacegroup and habit, with changes in cell. 
dimensions. 
Its chief disadvantage as a topic of research 
was that it was simply another crystal form of what 
was basically BLG and so it was unlikely that the 
investigation would yield results very different 
from those of previous studies of BLG native crystal 
forms. 	From the work on lattice X covered in this 
chapter it seemed evident that what modification had 
taken place had not had a large effect and it could 
be hoped that any information aboutthe C-terminus would 
be forthcoming from this line of research, where 
comparison of isomorphous crystals had failed. 
It was expected that study of lattice K would be 
interesting from the point of view of comparison with 
the two other forms, especially lattice X,where 
a change in the position of the free -SH group was 
indicated, and it was decided that at least projection 
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work should be undertaken to establish the relation-
ship between this form and the others. 	Having 
decided to proceed in this direction, three-dimensional 
work followed on naturally as a result of successful 
projection work. 
t 
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CHAPTER IV PROJECTION WORK 
IV.1 General Information about the Spacegroup P3 2 21 
IV.i.i Spacegroup, Indexing and Hand 
The reciprocal lattice of the spacegroup P3 2 21, 
like that of any other trigonal spacegroup 9 can be 
treated in two ways: either (i) as a primitive 
hexagonally indexed lattice having a corresponding 	- 
primitive cell with a and b of equal length, Y being 
120 degrees; or (2) on an orthogonal system, considering 
the lattice as face-centred with a face-centred unit 
cell, spacegroup C2. in all the projection work 
the hexagonally indexed system was used, but in the 
three dimensional work it was necessary to treat the 
lattice as an orthogonal lattice in order to simplify 
the Fourier and Patterson calculations. Throughout ,  
the work, terms such as fractional coordinates will 
refer to the hexagonal system unless otherwise stated. 
The orthogonal system is discussed more thoroughly in 
chapter V. 
A decision has to be made about the method of 
indexing the trigonal lattice since the directions of 
the reciprocal axes are not uniquely defined. This 
can be seen by examining the [ob] precession 
photograph. The quadrant with positive h and k might 
be one of two, and the choice is completely arbitrary. 
The two possible systems of indexing simply give 
different views of the crystal structure. The 'hand' 
of the structure is decided by the spacegroup; 
P3 2 21 results in.one hand and P3 1 21 in the other. 
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Figure IV.i 	Spacegroup P3221 with origin at the 
intersection of the three-fold screw 
axis and the b axis chad 
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These spacegroups are indistinguishable even in three-
dimensional work unless anomalous scattering is taken 
into consideration. 
It was decided in this case to use P3 2 21. 	If 
this spacegroup were to be wrong, a mirror image of 
the real structure would be produced, resulting in 
the wrong enantiomorph and in the wrong hand of screw. 
The Spacegroup P3 2 2 1 
In this spacegroup in International Tables, the 
twofold axis bisects the chosen hexagonal a and b 
axes. 	In previous work on this spacegroup in lattice 
Z , a different convention had been adopted, i.e. 
taking the b axis as the twofold axis (see figure IV.1). 
This results in a tranformation of the set of 
equivalent poistions given in International Tables 
and the resulting equivalent positions are shown in 
figure IV.2. 	The same convention was adopted for 
lattice K partly for convenience and partly for 
comparison purposes. 
Because the b axis is the twofold with this 
convention, the [010 zone reflections must be centric, 
since the projected equivalent positions have a centre 
of symmetry at the origin. 	This is the only centric 
zone although the [100) zone, being symmetry related 
to this one, has its phases constrained to be + 2c(l/3. 
The [010) zone was therefore the obvious zone to use 
for initial projection work. 
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Figure IV.2 	Equivalent positions of P3221 
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Figure IV.3 	The [oio] projection showing equivalent 
positions 






Yh_ 2Xh 3 2 
Xh+Yh 3 2 
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2Xh_ 2Yh 4_2zh 1 
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Figure IV.4 	Patterson peaks in the [0101 projection, 
generated by an atom at ( x h
l Yhl Zh ) 
in the spacegroup P3221 
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Fjure IV.5 	Theoretical Patterson for the [oioprojection 
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IV.12 The foio] Patterson 
Before going on to heavy; atom work, consider 
a theoretical [010] Patterson map due to one atom 
per asymmetric unit to see what peaks are generated. 
There are six equivalent positions of the unit cell 
and Patterson peaks should appear at positions 
representing the vectors between atoms. 	Taking 
an atom at (x,y,z) and related positions results in 
nine peaks per asymmetric unit in the [010] Patterson 
as shown in figure IV.k. 	Six of these are double 
weight peaks ; three lying on the c=4 line - two at 
a distance 2% on either side of this line - and one 
at 2z  from the c=0 line. 	The rest of the Patterson 
peaks are single weight peaks and have the same 
zcoordinates as the second three double weight peaks. 
The x coordinates of all these peaks are related. 
A typical one-site theoretical Patterson can be seen 
in figure IV.. 
According to theory such a map should result 
when a difference Patterson summation of a native 
and a one-site derivative is calculated, but in 
practice spurious peaks may arise due to errors. 
Nevertheless an interpretation of such a map should 
not be difficult if the procedure described in the 
following paragraph is followed. 	Where difficulties 
can arise is in the two-site or multiple site case. 
For each site there will be the nine self-vectors 
listed as well as cross-vectors from one site to 
another. There would therefore be difficulties 
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in interpreting a difference Patterson of this 
spacegroup with more than one or two heavy atom sites, 
unless one of the sites is sufficiently dominant to 
be responsible for the main features of the map. 
A good indication that a Patterson of this 
spacegroup might be interpretable would be the 
appearance on the c= - line of large peaks. 	If 
there are few or small peaks on this line it probably 
means that several low occupancy sites or a large 
degree of non-isomorphism is responsible for the 
intensity changes. 	If one high occupancy site is 
involved there should certainly be c=+ peaks. 	To 
find such a site, peaks of z coordinates 2% 
and +2zh should be sought. 	The largest of 
these should be the double weight peaks, so that the 
most obvious features of the map which do not lie 
on the c= - line should have z coordinates related in 
this way. 	Since the x coordinates of these peaks 
are also related, the position of a third peak can 
be calculated if only two peaks are obvious, or 
the self-consistency of a set of three peaks can be 
checked. 	The x coordinates of the c= - peaks can then 
be calculated. Should these also correspond to 
prominent positive features, it is fairly certain 
that such a site exists and minor features of the 
map may well prove to be explained by the single 
weight peaks. 
If a second site is present with lower occupancy, 
the largest features on the Patterson map produced by 
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it will be cross-vectors between that site and the 
high occupancy site. Therefore if there are further 
unexplained features on the map there is little 
point in trying to fit another site independently 
of the first. 
It should also be noted that there are two 
possible interpretations for any one-site . Patterson 
which are equally correct. 	It is probably more 
natural to take 2Zh  to be the smallest z coordinate 
of the large Patterson peaks. 	The same map could 
equally well be interpreted with 2z  greater than 1/6 , 
giving the same set of Patterson peaks. 	The solutions 
are equivalent but for an origin shift of c/2 in 
the z direction. 	Because of this, two independently 
solved Pattersons may not have the same origin. 
IV-1-3 Data Collection and Scaling 
[010]. precession photographs were taken using 
both native lattice Kcrystals and heavy atom solution 
soaked crystals. 	Measurement of the intensities 
of the reflections on these films was made using 
either a Joyce Lobel tnicrodensitometer or a Saab 
scanner. 	Although the Saab scanner was in use for 
data collection at the time that this work was done, 
the programs coping with the analysis of the digitised 
films were in the process of development. 	The 
existing programs found it difficult to deal with 
the particular problems of protein precession photo-
graphs, e.g. closely packed spots with little room 
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to make background measurements on all sides. 
Even when. it was possible to process the data, 
several days' delay was inevitable since a number of 
successive batch type programs were involved. 
Because of these difficulties, microdensitometer 
data was used initially and it is this data which 
is referred to throughout this chapter except when 
stated otherwise. 
The native lattice K data for the [010] zone 
had to be scaled absolutely for convenience. 
Unmodified BLG crystal forms X,Y and Z have all 
been put on an absolute scale, initially by comparison 
with haemoglobin. Lattice Z is obviously the most 
convenient crystal form to scale lattice K against, 
since both contain the same number of molecules per 
unit cell. 	For this purpose the effect of the 
missing two residues was neglected as well as the 
small change in cell volume. 	Lattice K [0101 
was scaled with lattice Z such that the mean F of 
the [0101 up to the same resolution was the same. 
IV.1.4 Producing Derivatives 
The most obvious heavy atom compounds to 
try initially were those which had been successful 
in the native crystal forms. 	These are K211g1 4 
(HgI 1 ), the -SH group reacting mercurials MMA and 
pCMBS , and Pt(NO 2 ). 
For projection work only a few crystals need 
be used for each derivative. 	The most convenient 
- 130 - 
method of carrying out soaking trials would be to 
transfer a few crystals from the tube in which they 
were grown into liquid similar to the mother liquid 
in which the crystals might be stable over long 
periods of time. 	Small amounts of heavy atom 
compounds could then be added and the effects of 
soaking could be monitored by X-ray work. 	For this 
purpose 3M ammonium sulphate (AmSO 4 ) solution was made 
up and its pH was adjusted to 6.5. 	The higher 
concentration of AmS0 was thought to be advisable 
to prevent the crystals dissolving and to allow 
for dilution due to the addition of heavy atom 
solutions. 	A few crystals were transferred to this 
solution and were allowed to soak for a few days. 
There were no noticeable intensity changes from the 
first photograph taken. 
In some of the heavy atom work 4M phosphate 
buffer at pH 6.5 was used. 	This was because in the 
native crystal forms the -SH group 
has been found to be poorly reacting in the low 
pH form in ammonium sulphate. 	This is attributed 
by Dunhill (1963) to the formation of a 'thiazoline' 
structure which is stabilised by ammonium sulphate 
ions. 	However in this crystal form the -SH group 
was found to react in AmSOk  for at least one mercurial 
and the necessity of using phosphate at all was 
therefore doubtful. 	A higher molarity of phosphate 
was required because of the lower Ionic strength of 
this salt. 	Lattice X has been found to dissolve 
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in 3M phosphate. 	Lattice K crystals transferred 
to this solution remained stable over periods of 
weeks and soaking produced no noticeable intensity 
changes. 
IV.2 The HI 4 Derivatives 
IV-2-1 Hg1
4 (i) 
K2HgI 4 (Hg14 ) is prepared by dissolving HgC1 2 
or Hg1 2 in excess of KI. 	This was the first derivative 
I attempted to produce. 	10mM KI was made up and 
Hg12 was added to a concentration of 1mM. Hg1 4 
is known to be very reactive and if added in greater 
thanstojchjometric quantities causes disordering. 
I was therefore careful at first to add only quantities 
of this approximate magnitude, but since only a few 
crystals were being used in this experiment the 
calculation of protein present must be considered 
as an estimate. 	The conditions used were 0.01 ml 
of the above solution added to 1 ml AmSO 4 containing 
4 crystals (i.e. 0.1 mM ). 
After several days' soaking no intensity changes 
at all were evident and this was thought to be due 
to the low concentration of heavy atoms. 	With 4 
times as much heavy atom in 0.5 ml AmSO 4 (i.e. 0.8 mm ) 
with 4 crystals, overnight soaking resulted in 
obvious reaction. 	The crystals took on a 'grainy' 
appearance but diffracted well to produce large 
intensity changes without cell dimension changes. 
The crystals remaining in the soaking solution 
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quickly became completely opaque and although the 
ordered external shape was unchanged they no longer 
diffracted. 
A precession photograph of the [010] zone was 
measured and compared with the native data, the 
overall difference in F being 44%. 	A difference 
Patterson was produced (figure IV.6). 	The map has 
large peaks on the c=J line, and peaks at 4.8 R 
from the c=0 and c=+ line. 	The largest peak not 
on the c= - line was taken to have coordinates 
( -X h 9 2z 	At c=_2zh the largest feature 
'Ut 
was assumed to haveXx coordinate of Yh_Xh. 	Taking 
the three coordinates defined by these two peaks, 
the positions of all the other double weight peaks 
were worked out and were found to lie on or near 
some major feature, the largest peak of the map 
arising due to two of the c=4 peaks superimposing. 
The single weight peaks too came near to some of 
the remaining unexplained features. 	All the evidence 
confirmed a site with fractional coordinates :- 
Xh = 0.330 	= 0.430 	, z  = 0.025 
Some features remained on the Patterson map 
which had not been accounted for. 	The largest 
of these was as big as one of the double weight 
peaks of the major site. 	If the peak is significant, 
it is most likely to be a cross-vector peak between 
the major site and a minor one. 	It was hoped that 
a minor site, if present, would be more easily 
identifiable using a difference Fourier map phased 
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Figure iv.6 	Difference Patterson of J-1g1 4 (1). derivative 
- 134 - 
on the major site. 
The major site was refined using a program 
called PANGLOSS which refines using the Hart method, 
and after several cycles the occupancy settled at 
109 electrons with little shift of parameters, the 
R factor being 0.431. The refined coordinates 
were x  = 0.347 ' h =-.Q...432 and Zh=  0.027 . 
This R factor indicates a good agreement and the 
difference Fourier phasedby this program had strong 
peaks only at the major site positions. 
Comparison of Hg1 4 (i) with Lattice Z. 
In comparison with the other crystal forms 
this Hg1 4 derivative is similar in that a single- 
site derivative is produced, but on closer examination 
it can be seen that the similarity ends there. 
The Hg1 4 site in the other crystal forms is quite 
distinct from the -SH group site and lies close to 
the molecular twofold. 	The molecular twofold axis 
must correspond to a crystallographic twofold in 
lattice K as it does in lattice Z. 	There are two 
crystallographic twofolds, one which passes through 
the origin of this Fourier map, and the other displaced 
by c/2 in the z direction. 	Neither of these positions 
for a molecular twofold result in the short vector 
across the twofold which would be expected for the 
normal Hg1 4 site. 	In fact the distance is much 
CL 
closer to that expected for a rction at the -SH 
group. 
It is obvious that the complex is reacting in 
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a different way to its normal behavior and this 
might simply be due to an insufficient, concentration 
of 1(1 to keep the mercury in its 'K2HgI form and it 
may have reacted as K 2HgI 2 or K2UgI 3 . 	The occupancy 
in electrons suggests that at least one iodine must 
be involved, but it is quite possible that less 
than i00% occupancy is achieved and so none of the 
complexes can be ruled out. 
IV. 2.2 	(2) 
A second method of producing an Hg1 4 derivative 
was tested out. 	This used exactly the same conditions 
as before except for the concentration of KI which was 
increased by addition of KI to the ammonium sulphate 
soaking solution to a concentration of 10 mM , before 
the addition of heavy atom solution. 	After over- 
night soaking, the reaction had gone far enough to 
produce large intensity changes, which were differently 
distributed from the intensity changes of HgI (i). 
The resultant difference Patterson is shown in 
figure IV-7 and can be seen to be quite different 
from the previous Hg1 4 Patterson. 	c/3 peaks are 
again evident but as three separate peaks. 	Peaks 
slightly displaced from this line are indicative 
of an atom with small z coordinate. 
In fact a good agreement with the major features 
of the map can be made by an atom at 
x  = 0.917 ' 3'h = 0.560 , Zh = o.o16 , 
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Fi gure IV,7 	Difference Patterson of LIg1(2) derivative 
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expected short self-vector across the molecular 
twofold, so that it can be assumed that in this case 
the more usual HgI site is occupied. 
These coordinates refined on PANGLOSS to 
x  = 0.9313 	y = 0.5525 	, z  = 0.0156 
with an occupancy of 120 electrons, H being0.456. 
Returning to the Patterson map, it should be noted 
that there are at least two peaks larger than the 
single weight peaks of the major site which are 
unexplained by this site. The existence of a minor' 
site must therefore be considered to be likely. 
No attempt was made to place this minor site at this 
stage. 
IV. -2-3 Relating Sites Using the Cross-Patterson 
Because the HgI derivatives have been solved 
independently the solutions may refer to different 
origins and must be correlated, which can be done by 
using their cross-Patterson. 	The spacegroup P3 22 1 
has a b axis twofold and it has been arranged in 
lattice Z that this is also the molecular diad. 
Because 6f the convenience of this arrangement, 
and for easier comparison with lattice Z, this 
convention was adopted here. 	The molecular twofold 
can be identified as passing through the origin of 
the HgI (2) derivative by the proximity of this site 
to it. 	It need only be decided which of the two 
crystallographic diads in the Hg1 4 (i) derivative 
Fourier map corresponds to this one. 
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The cross-Patterson of two derivatives has 
positive peaks corresponding to vectors from heavy 
atom positions of one derivative to those of the 
other and vice versa. 	Since it was necessary to 
distinguish between only two cases, a theoretical 
cross-Patterson for both cases could have been 
calculated and compared with the real cross-Patterson. 
(figure IV.8) 	In this situation it was easy to 
guess that the corresponding origin of the second 
derivative was shifted by c/2. .. All the cross-
vectors for this case were calculated and it was 
noted that they accounted for most of the major 
features of the map. 	The map was completely incompatible 
with the other case. 
Having decided that the origins were not the 
same, the origin of the HgI (i) derivative had to 
be moved by c/2. 	This is equivalent to taking the 
alternative 'long z' solution of the Patterson. 
The heavy atom coordinates of the two solutions 
( Xh1IYh1Zh1  ) and ( Xh2,yh2;Zh2 ) are related by the 
following equations :- 
	
Xh2 	- 	h1 - Xhl 
h2 	hl 
Zh2 = 1/6 - Zhl 
The coordinates for the heavy atom when the 
molecular twofold passes through the origin are 
(0.915,0.568,0.1399) 
- 140 - 
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Figure IV.9 	Comparison of heavy atom sites in 
lattices K and Z. 	Contours show 
sites in lattice K and symbols 
sites in lattice Z. 
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Now that the position of the molecular diad has 
been located in both derivatives it may be possible 
to say something about the relationship of these sites 
to sites in lattice Z. 	There is a strong possibility 
that the first Hg1 4 derivative actually occupied the 
-SF1 site since this is a common site for mercurlals. 
A comparison of the distance of this site from the 
twofold with the distance of the -8F1 site from the 
twofold in lattice Z, and the relative positions of 
these sites (figure IV.9), confirms that the Hg1 4 
with the smaller concentration of KI reacts at the 
-SF1 group. 
The separation of the two sites parallel to the 
molecular diad is short (about & Angstroms), a fact 
which is also compatible with this supposition. 
The Cross-Patterson and Minor Sites 
One feature of the cross-Patterson which was 
not considered in the first examination was the 
large origin peak. 	This must be due to vectors 
between one derivative and the other and is not 
explained: by the existing sites. 	The peak can 
be explained by a number of zero length vectors 
i.e. occupancy of the same site to some extent in 
both derivatives. 	This is a reasonable proposition 
since the difference in the reactivity of this 
derivative is produced by a change in the KI 
concentration. 	The concentrations used May not 
be sufficiently different to give exclusive reaction 
at one site or the other. 
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Re-examination of the Hg1 4 (2) derivative 
Patterson (major site at Hg1 4 site) reveals that 
the previously unexplained peaks might be due to 
cross-vectors between the HgI 4 site and a minor 
-SH group site. 	By refining this site on PANGLOSS, 
hqlding the major site in its refined position, the 
occupancy of the minor site is reduced to about 
25 electrons and the R factor is reduced from 0.456 
(its value for one site) to 0.432. 	A further 
reduction in R is effected by refining the coordinates 
of the major site again along with the minor one. 
The largest unexplained peaks of the Hg1 4 (i) 
derivative difference Patterson are much smaller 
than those of Hg1 4 (2). 	If a minor site at the 
Hg1 4 site is refined on PANGLOSS for this derivative 
alongside the major -SH group site, the occupancy 
is quickly reduced to 10 electrons and the R factor 
for this is larger than that obtained with one site. 
It was concluded that a minor site at this position 
in this derivative is not likely or is of such a 
small occupancy that it can be disregarded. 
It was decided that the most likely explanation 
for the cross-Patterson origin peak is that the 
-SH site is a low occupancy minor site of the Hg1 4 (2) 
derivative. 
Joint Refinement 
Joint refinement of the heavy atom parameters 
of these two derivatives was carried out with a 
view to generating a set of projection phases. 
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A program used for this had been written by E.S. 
Komorowskj and is described in his thesis. 	It 
first phases the native protein F's by a method 
similar to that of Dickerson et al.(1961). Refinement 
is carried out by shifting parameters and minimising 
the residual :- 
R= 17 	 m c2 
all reflections 
where in is the figure of merit and 	the lack of 
closure error. 	Recalculation of the phases is 
carried out after each complete' cycle. 	This shifting 
method of refinement converges less quickly than a 
full least squares refinement and was originally 
adopted because the least squares method was thought 
to require fairly good starting parameters if a 
correct solution was to be obtained. 
The program, was first written to deal with 
lattice X but had had extra facilities incorporated 
to allow it to deal with spacegroups P3221, P2 1 , and 
B22 1 2, which covers all the salted-out crystal forms 
of BLG. 
This program was applied to lattice K, initially 
refining the major sites of the two derivatives. 
After ten cycles the shifts in all parameters had 
been reduced to negligible values, but the main 
improvement was found in the first five cycles. 
The temperature factor was held at 20 for four cycles 
and then allowed to refine. 	The scattering factor 
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!kgure IV. lOa 	Joint refinement of Hg1 4 derivatives 
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Cycle Derivative Site x  Yh z  Occupancy 	Temp. 
(electrons) Factor 
B 
1 Hg1 4 	(1) 1 0.916 0.568 0.140 117 20 
Hg1 4 	(2) 1 0.931 0.552 0.016 120 20 
10 Hg1 4 	(1) 1. 0.898 0.578 0.139 131 16 
Hg1 4 	(2) 1 0.930 0.551 O.016 170 24 
Initial and final parameters from joint refinement of 
major sites. 
Derivative Site x yh Zh 
Occupancy 
(electrons) 
Hg1 4 	(i) 1 0.897 0.577 0.139 132 16 
Hg1 4 	(2) 1 0.930 0.550 0.016 171 30 
2 0.899 0.587 0.138 20 20 
Parameters after joint refinement with minor site 
included. 
Figure IV.lOb 	Joint refinement of 11g1 4 derivatives 
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HgI,1 derivative in lattice Z. 	He assumed a tetragonal 
arrangement of iodines around the mercury and computed 
the scattering curve of the whole group in different 
directions. 	Beyond 6 Angstroms resolution the 
scattering curves are very different, but for low 
resolution work a curve can be used which is the 
average of them. 	The presence of the iodines greatly 
broadens the maxima due to the mercury. 	The mercurial 
complex binding at the -SH group is not necessarily 
of the HgI form and therefore the above scattering 
function might not be applicable. 	Nevertheless, if 
more than one iodine is involved in the complex, then 
such a function would be a better approximation than 
that of a single mercury ; it was in fact used in 
this case. 
As the refinement proceeded the R.M.S. errors 
were reduced and the mean figure of merit increased 
as shown in figure. IV.lOa . 	The R.M.S. errors are 
quite large, which might be due to minor sites. 
The -SH minor site of the HgI (2) derivative, which 
had been strongly indicated from the cross-Patterson, 
was therefore included and all parameters were 
refined again for a few cycles. 
On addition of the extra site, the R.M.S. errors 
were raised slightly and after two cycles the occupancy 
of the minor site stabilised at 20 electrons ; the 
R.M.S. errors were reduced again to much the same level. 
The positional parameters of the major sites hardly 
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Figure IV.12 	Difference Fourier of HgI(i) 
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Since there is no evidence for additional minor 
sites of significant size in either derivative, the 
large R.M.S. errors must be due to some other factor. 
Either there are a lot of low occupancy minor sites, 
or them is lack of isomorphism, or the scattering 
factor is an inadequate approximation for the complex. 
In previous work on this derivative similar results 
have been obtained and have been attributed principally 
to lack of isomorphism. 
Phased protein F's were produced by the program 
and were used to try to clear up difficulties 
encountered in other derivatives. 	The phases were 
also used to produce difference Fourier maps of the 
HgI derivatives (figures IV.11 and IV. 12). 	Both 
maps contain unexplained peaks of about the same 
size as the -SH minor site peaks, but no additional 
minor site could be proposed for which there was 
evidence on all three equivalent positions. 	A 
more likely explanation is lack of isomorphism. 
The possibility that a second minor site might be 
present was not discounted altogether but no convincing 
evidence was found for any particular site in the 
projection work. 
IV-3 Other Derivatives 
Apart from the Hg1 4 derivatives, which proved 
sucessful, several others were tried with varying 
degrees of success. 
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IV.3.1MMA (Monomercuriacetic acid) 
Initial test soakings of crystals with MMA 
solution in ammonium sulphate were carried out but 
no reaction occurred for concentrations of up to 
0.4 mM of MMA. 	Although a successful -SH group 
reaction had taken place in ammonium sulphate with 
HgI (1), the theory of the low reactivity of the 
-SH group in ammonium sulphate due to a 'thiazoline' 
ring formation had not been forgotten. 	It was 
decided to carry out tests in phosphate buffer to 
see if this might be more successful. 	Low concen- 
trations of MMA were again tried with no success, 
but a 1 mg/ml concentration of M1IA was found to react 
quickly, giving intensity changes without alteration 
of the cell dimensions. 	The distribution of these 
intensity changes were similar to those of the first 
Hg14 derivative. 
The difference Patterson had the same major 
features but at a lower level. 	The single weight 
peaks were not evident, being obscured by other 
features. 	These might well have been due to 
spurious.differences generated by inaccuracies in 
data measurements. 	Had it not been for the previously 
solved Patterson of this site, a solution of this 
Patterson might have been difficult. 	The MMA 
thus occupies the -SH group site as its major site, 
a result which is in keeping with previous work. 
A difference Fourier map of ehe MMA derivative, 
using previously calculated phases shows this site.  
- 151 - 
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Figure IV- 1 3 	Difference Fourier of 4NA derivative 
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clearly (figure IV-13). 	There are other features 
which may not be meaningful although there is some 
cDrrelation between peaks. 
In contrast with the HgI (1) derivative, the 
crystals remaining in the soaking solution continued 
to be clear and to diffract X-rays after weeks of 
soaking, despite the high concentration of MMA left 
after reaction. 
IV-3-2 K2Pt ( NO2 ) k 
Crystals were soaked in ammonium sulphate with 
the addition of various quantities of K 2Pt(NO2 ) 4 
and it was found that the concentration required to 
produce intensity changes was fairly critical. 	In 
a 3 mM solution the crystals soon became disordered, 
but at 2 mM prolonged soaking was required to produce 
intensity changes. 	In phosphate the compound was 
either less reactive or less soluble; a 5 mM solution 
produced only very small intensity changes. 
Data was obtained from crystals soaked in 2 mM 
K2Pt(NO 2 ) 4 jn ammonium sulphate and a Patterson calculated. 
It was immediately seen that no simple and obvious 
solution to this Patterson could be found. 	Whatever 
plausible solution was taken, it would suffice to 
explain no more than half of the major features 0 of 
the map. 	It was concluded that either at least two 
atoms of roughly equal occupancy were involved or 
that the solution was heavily disguised by spurious 











Figure iV.14 	Difference Patterson of K 2Pt(NO 2 ),1 derivative 
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produced using the previously calculated phases. 
The largest features on this map appeared on or near 
the site of the heavy atoms sed for phasing and were 
therefore regarded with suspicion. 	There was some 
evidence that these sites might be occupied from the 
Patterson, but this might be said of quite a few 
possible sites. 
Because of the importance of this derivative 
as the most likely to prove to be a successful 
third derivative for three-dimensional work, a great 
deal of effort was put Into finding an interpretation 
of its Patterson. 	The film was measured again on 
the microdensitometer and a new Patterson (which was 
slightly different) was examined. 	Various probable 
sites were tried on PANGLOSS. either singly or combined, 
but refinement did not reduce the R factor to less 
than 0.58. 
The derivative was put aside until scanner data 
was available both for the native and derivative [010] 
projections. 	The difference Patterson was again 
computed for this derivative (figure iV.14) and was 
found to be very similar to those already calculated. 
This at least confirmed that the method of measurement 
was not greatly at fault. 	It seemed more probable 
then that the Patterson was confused because several 
sites were involved. 	I decided that under these 
circumstances the Fourier map ought to be more 
interpretable and turned to it once more. 	This 
time I listed all possible positions of heavy atoms 
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which showed agreement with two out of three peaks 
on the map, neglecting for the moment that some of 
these peaks might be due to the phasing. 	I tried 
refining combinations of these sites on. PANGLOSS 
allowing only occupancy to shift initially. 	In 
most cases the occupancy was drastically cut very 
quickly and R factors were high. 	The refinement 
was more favourable for an atom at the -SH site, but 
the R factor was still above 0.55 for this site 
alone. 	However, another hypothesised site close to 
the -SH site was given a higher occupancy by the 
program with a corresponding lower R factor. 	This 
site was the most hopeful of all the sites considered. 
Full PANGLOSS refinement, using scanner data, 
of both the -SH site and the nearby site brought the 
R factor down to 0.43 and the R.M.S. error to 88 
(figure iV.16). 	The occupancy of the -SH site 
settled at about 30 electrons and that of the other 
site at about 70 electrons, both of which are significant. 
Despite these favourable indications I was naturally 
suspicious of a solution which had been arrived at by 
such a haphazard method. 	I therefore subjected it 
to the crucial test ofjoint refinement in combination 
with the two previously solved derivatives. 
When the older microdensitometer data for 
native and three derivatives was used, the occupancy 
of these proposed sites was changed little and the 
addition of the third derivative resulted in a marked 
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Figure IV.15 	Difference Fourier.  of K2pt(NO 2 ) 4 derivative 
- -phases used were those from the 3 
derivative refinement 
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Cycle Atom Occupancy x y z R 
I (electrons)  
1 1 32 0.884 0.585 0.133 
0.479 
2 64 0.884 0.517 0.100  
2 1 28 0.894 0.575 0.135 
0.443 
2 64 0.874 0.517  0.098 
3 1 30 0.889 0.570 0.135 
0.432 
2 66 0.874 0.517 0.098 
4 1 30 0.887 0.570 0.135 
0.431 
2 67 0.876 0.519 0.098 
5 1 30 0.886 0.569 0.135 
0.425 
2 69 0.876 0.519 . 0-098  
Figure IV.16 	Last cycles of PANGLOSS on the platinum 
derivative (scanner data). 
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Further refinement has since been carried out using 
HgI (2) , MMA, and Pt(NO2 ), scanner data with 
similar results and with lower R.M.S. errors than 
those obtained with the microdensitometer data, 
presumably due to improved data.(See section IV.). 
K2Pt(NO 2 ) 4 Derivative in Comparison with other Crystal Forms 
Having at last arrived at a satisfactory solution 
to the platinum derivative it is interesting to note 
that the major site is different from both the sites 
in the other crystal forms, as is immediately obvious 
from its position close to the .-SH group. 	This 
particular platinum compound has been known to bind 
to methionines among other things. 	If this is the 
case in BLG then there are four of these per chain 
giving a variety of possible sites. 	Nevertheless 
it is the same two sites which appear in lattices 
X,Y, and Z with an additional affinity in X towards 
the minor site of the HgI derivative. 
This case is quite different, with the major 
site a few Angstroms away from the -SH site, but not 
close enough to be confused with it. 	The occupancy 
of the -SH site is not unreasonable since it is a 
favourable position for any metal ligand, although 
the platinum compound does not attach there in the 
other forms. 
Unfortunately an explanation of the behavior 
of the derivative would have to account not only for 
the appearance of a new site in lattice Kbut also 
for the disappearance of the old ones in completely. 
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different regions of the molecule. 	Different 
packing might be making these inaccessible, but 
that could only apply to sites near the surface of 
the molecule, only one of the normal sites of K2Pt(NO2)k 
being of this type. 	Major conformational change of 
the molecule would seem unlikely from the fact that 
the other low pH form, lattice X, grown from the same 
material is indistinguishable from unmodified crystals. 
The only essential difference between the molecular 
structures of native and modified material must be 
the lack of two residues at the carboxyl terminus, 
which might have resulted in the uncovering of a 
potential site. 	If the new platinum site is to be 
explained in this way then the C-terminus must also 
lie, in the -SH region. 
This is the only explanation I can think of for 
the new site, although it is hardly satisfactory. 
In this case the heavy atom compound is stable and 
so behavior analogous to the HgI case is ruled out. 
This proposal may help to rationalise the facts, 
but it does not constitute concrete evidence for the 
location-of the C-terminus. 	There might well be 
some more subtle explanation for this behavior. 
IV.3.3pCMBS , MNP , TCA 
pCMBS (p-Chloromercuri benzene suiphonic acid) 
This derivative had proved successful in lattice 
X where many mercurials were tried in projection work. 
In lattice K,1 mM concentrations in 4 M ammonium 
0 
2 




Figure IV.17 	Difference Fourier of pCMBS derivative 
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Figure IV.18 	Difference Patterson of MNP derivative 
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Figure IV.19 	Difference Fourier of MNP derivative 
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sulphate disrupted the crystals. 	0.25 m14 in phosphate 
produced intensity changes. 	The difference Patterson 
was not very conclusive, but a Fourier map shows 
the major site to be at the -SH group with a much 
lower occupancy than MMA or HgI (i). 	There is 
also an indication of a further site at the Hg1 4 
site or at a site of similar ..z coordinate. 	The 
occupancy of all possible sites is low and therefore 
this derivative is not as useful as the other -SH 
reacting mercurials investigated so far. 
MNP (2 chioro mercurj nitro phenol) 
The above derivative has been triedoutsuccess-
fully in lattice X,Y and Z by Keith Woods (unpublished) 
and was found to react at the -SH group and at a 
site near the HgI site, each site having an occupancy 
equivalent to about one mercury. 	This produced 
very large intensity changes, but there were also 
cell dimension changes in lattice X and Y. 	At a 
concentration of 0.05 mg/ml in phosphate it reacted 
with lattice K to produce medium sized intensity 
changes. 	There were no cell dimension changes but 
there was fading of the diffraction pattern at 
higher resolution due to disordering. 	This was 
noticeable even on 	10 degree oio] precession 
photographs. Data was therefore collected for the 
centre portion of such a photograph (about 8 Angstroms 
resolution). 	The data has a less noticeable fall-off 
in this region. 
The Patterson looked as if it ought to be solvable 
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and a solution was found for two atoms which gave a 
low R factor. 	This solution was proposed before the 
Hg1 4 (2) derivative was produced and subsequent 
comparison indicated that the second site did not 
correspond to either MgI 4 (i) or (2) sites. 	This 
was checked by producing a difference Fourier map 
using the phases calculated from the HgI derivatives. 
The map confirmed the -SH site but not, the other 
proposed site, there being a second:'site close to the 
MgI 4 (2) site, with a smaller z coordinate. 	These 
two sites refined on PANGLOSS to yield an R factor 
which was slightly lower but not significantly 
better than the first interpretation. 	The reason 
that wrong interpretation had appeared to be accept-
able was probably a lack of sufficient terms. 
Withoxt the help, of independent phases the incorrect 
supposition would have remained unchallenged. 
TCA (Tetracyanaurate ion) 
Soaking experiments with this derivative, were 
unsuccessful. 	Various concentrations of TCA between 
0.56 inN and 2.5 mM produced no intensity changes 
and cracking of the crystals occurred after a few 
days. 	Higher concentrations of TCA cracked the 
crystals more quickly and to such an extent that they 
could not be used for X-ray work. 
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IV.Lj Projection Refinement - Scanner Data 
In the three-dimensional work described in the 
next chapter scanner data was collected from the 
[0101 zone for native and the two most successful 
derivatives, MMA and HgI (occupying its normal site). 
This data along with the scanned platinum data was 
used to refine the heavy atom positions in projection 
and to calculate accurate phases. 	Because the 
positional parameters were reasonably good from 
separate refinement on PANGLOSS and joint refinement 
using microdensitometer data, there was little change 
in the course of the refinement (See figure IV.20). 
The Hg1 4 derivative agreement was most noticeably 
improved by refinement of occupancy ; the R.M.S. error 
dropped from 128 to 112. 	Marked changes in the 
temperature factors of this derivative and the platinum 
derivative took place, the particularly low value 
for the temperature factor of the main platinum site 
being rather suspicious. 	The high temperature 
factor of the Hg1 4 derivative is most likely to be 
compensating for the scattering factor curve not 
being broad enough. 	The MMA derivative is obviously 
the best of the three in having lowest R.M.S. error. 
The R.M.S. error of the HgI derivative is large, 
but not unexpectedly so, there being a noticeable 
lack of isomorphism in the other crystal forms. 
The mean figure of merit improved from 0.890 
to 0.908. 	This is a reasonable figure, especially 
since the measurements for all reflections were 
- 1.66 - 
Starting Parameters 	Finishing Parameters 
Xh= 0.930 0 = 171 Xh 0.927 0 = 196 
electrons electrons 
h 0.540 1 Yh= 0.546 B=20 B=34 
z h= 0.015 Zh = o.o14 
Xh= 0.896 0 = 	20 Xh= 0.888 0 = 	21 
electrons electrons 
h 0.563 h= 0.568 B = 20 B = 18 
Zh= 0.136 Zh o.140 
R.M.S. 	error = 	128 R.M.S. 	error = 	112 




0.563 h 0.563 B = 20 B = 14 
Zh= 0.136 z  = 0.136 
R.M.S. 	error = 90 R.M.S. 	error =.89 
x  0.876 0 = 	63 Xh 0.876 0 = 	54 
electrons electrons 
h 0.520 Yh = 0.521 
B=20 B= 	6 
Zh= 0.098 Zh 0.097 
x  0.884 0 = 	47 Xh = 0.884 0 = 	47 
electrons electrons 
h 0.567 yh=  0.569 B = 20 i B = 	12 
Zh 0.137 1 
Z 1 0.521 
R.M.S. error = 	101 R.M.S. 	error = 100 










Figure IV.20 	Joint refinement parameters 
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Mean FP No. 	of 
reflections 
0.000 - 0.001 1.0000 1156 1 
0.001 - 0.002 0.9782 866 8 
0.002 - 0.003 0.8924 412 12 
0.003 - 0.004 0.9128 618 12 
0.004 - 0.005 0.9197 688 13 
0.005 - 0.006 0.9980 628 14 
0.006 - 0.007 0.9444 529 14 
0.007 - 0.008 0.9727 511 8 
0.008 - 0.009 0.9431 479 12 
0.009 - 0.010 0.8783 350 15 
0.010 - 0.011 0.9716 621 .8 
0.011 - 0.012 0.9534 550 14 
0.012 - 0.013 0.7748 354 14 
0.013 - 0.014 0.8787 342 10 
0.014 - 0.015 0.9403 288 15 
0.015 - 0.016 0.7718 296 12 
o.o16 - 0.017 0.8064 	1 361 	1 8 
Figure IV.21a Distribution of figures of merit 
for centric refinement 
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Figure of merit 
range 
Mean F? No. 	of 
reflections 
0.00 - 0.05 156 2 
0.05 - 0.10 - 0 
0.10 - 	0.15 128 3 
0.15 - 0.20 328 1 
0.20 	0.25 202 4 
0.25-0.30 - - 	0 
0.30 - 0.35 - 0 
0.35 - 0.40 424 i 
0.40 - 0.45 172 	. 2 
0.45 - 0.50 64 1 
0.50 - 0.55 136 2 
0.55 - 0.60 48 1 
0.60 - 0.65 109 3 
0.65 - 0.70 - 0 
0.70 - 0.75 157 3 
0.75 - 0.80 173 3 
0.80 - 0.85 100 4 
0.85 - 0.90 248 9 
0.90 - 0.95 189 10 
0.95 - 	1.00 569 141 
Figure JV.21b Distribution of figures of merit 
for centric refinement 
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included even when these were negligibly small or 
of low order. 	Surprisingly, the inclusion of the 
platinum derivative reduced the R.M.S. errors of both 
other derivatives and put the mean figure of merit 
up from 0.812 (the value for the other two derivatives 
alone). 	So it would appear that although the 
platinum sites are close to the other sites used in 
the phasing, they nevertheless contribute useful 
phase information. 
A list of the resultant phases and information 
used to calculate them for this projection data is 
given in Appendix IV.A, following this chapter. 
Distributions of the figures of merit (figure IV.21) 
show that the majority of reflections have figures 
of merit in the range 0.95 to 1.0 . 	There is a 
fall-off in the mean figure of merit for higher 
resolution ranges and this could be due to increasing 
lack of isomorphism towards the six Angstrom limit. 
This fall-off is accentuated by the fact that the 
proportion of reflections with low values of F 
increases towards this resolution ; these reflections 
tend to be those which have low figures of merit, 
probably because of inaccuracies of measurement. 
These phases were used to calculate the protein 
projection Fourier shown in figure IV.22. 	This 
projects through three molecules (18,000 M.W.) : 
one around the origin diad, and the other two symmetry 
related molecules. 	Only the region around the diad 
(which must be the projection of a single molecule 
0 ____ 	 c/2 
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Figure IV.23 	Projection Fourier maps of lattice K 
and Z in region around the molecular diad 
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perpendicular to the diad) is this map likely to be 
comparable to lattice Z. 	This section of the map 
is redrawn in figure IV.23 alongside the same region 
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Appendix IV.A Structure factors, figures of merit 
etc. for the [oiol projection 
refinement (scanner data) 
174 
NAT I YE 
	
H K L 	FP 
0 0 6 -726 
ri 	.9 	328 
0 o 12 5E0 
I 0 5 -728 
1 0 6 -248 
I r 7--1520 
I O $ -920 
I 0 9 -456 
I 0 10 	736 
:1. 	O Ii - 4$i.) 
I 0 12 -344 
o 13 -120 
0 14 	424 
0 3 1320 
2 O 4 -416 
2 0 5 -712 
2 ci 6 - 776 
2 0 7 	928 
• 2. O 	8 4<2 
2 Ij 9 	468 
2 0 10. 144 
2 0 ii -566 
2 0 12 -592 
2 O 13 	120. 
3 o o 56 
3 (1 1 -696 
3 0 2 1840 
3 0 3 	320 
3 0 4 -648 
3 0 5 -1472 
3 0 6. -1664 
:< 0 7 -184 
3 ci 8 	208 
3 ci 9 660 
3 Ct 10 	496 
3 clii i:<s 
3 0 12 -216 
3 013 	264 
4 0 0 -544 
4 O 1 -632 
4 0 2 	-48 
4 O 3 -168 
4 0 4 -488 
.4 0 5 -144 
4 Ci 6 -208 
4 0 7 	768 
4 0 8 4(. 
4 0 9 	192 
4 Ci 10 .464 
4 O 11 	328 
4 Ci 12 440 
5 0 0 -944 
5 0 1 	792 
5 0 2 664 
'-I 
	
0 	3 	904 
5 0 4 166 
5 0 5 	368 
5 0 6 528 
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K 	L . 	FP 
cj 8 -112 
cj 9 -464 
0 10 	80 
ci 11 -128 
o 12 -:<o 
O 0 	152 
Ci 1 -1248 
0 2 -912 
U :< 	216 
0 4 984 
ci 5 	544 
O E. 544 
0 7 -976 
U 8 -120 
Ci 9 	256 
0 10 . 160 
Ci 11 	:<44 
Li 	Ci -64 
Ci 1 	592 
0 . 2 648 
ci 3 -224 
ci 4 -440 
0 5 648. 
0 E. -736 
ci 7 -208 
r 	C. - '. 
Ci 9 -:<28 
Ci Ø 	128 
0 1 272 
0 2 	208 
O 3 488 
ci 4 	624 
O 5 -136 
0 6. -288 
,_i 	'e 	-: 
O 0 -392 
Ii 1 -240 
0 2 -464 
0 3 -104 
0 4 	536 
Ci 5 152 
Ci 6 -208 
Ci 7 -296 
O 8 -1328 
Ci 9 1000 
0. 10 -560 
Li 11 
Ci 12 -120 
Ci 13 -360 
0 14 -616 
Ci 1 -456 
cj 2 	344 
0 3 288 
ci 4 -216 
@ 5 	-4: 
Ci 6 1192 
0. 7 -840 
U 8 	520 
Cl 	9 -56. 
HG 14 


























































MMA FT N.  
F  FPH FH FPH MEF.i T 
-156 415 -21.2 43.2 1.. OCIC 
-3:43 858 -80 51.2 1. OUC 
262 3:60 42 84 Ci. 97 
±49 1.29 1.16 252 0. 6.04 
332 92 -90 432 1. OUC 
-52 13:8 97 348 Cl. 877 
-505 1550 -373 j53:5 1.. OLIC 
74 895 -151 1104 1. OCiC 
32 1.94 -8 158 Cl. 994 
3:63 121.8 109 924  OUC 
-6.1 452 -6 552 1. OOC 
8 572 -74 33.6 0.883 
-107 857 1.1.5 660  
28 55 222 84 Cl. 92 
-42 258 -25 1.92 Cl. 994 
-157 iii -84. 264 Cl. 83.4 
iLl :<23: -1.86 1.92 1. @UC 
94 . 	83: 47 84 0. 444 
'72 729 166 852 1. ClOL 
-368 175 -1.E:E. 468 
-Ii? 14: -23:1 3LtU 1. 0U 
-125 553: -200 624 1. UOC 
453 103:3 108 720 1. 0 E 
100 590 21.1 492 1.00C 
13:3 92 -25 21.6. 0. 94 
-3:81 138 -85 228 1. 0CI 
-51 443 . 	37 1.56. . 	1. U0 
-164 65 iii 1.6€: Cl. 99 
-2 258 10 2<00 0. 9 51 t 
-58 92 21 264 Cl. 9E: 
-2 424 -1.7 408 Ci. 24 
-90 544 -79 720 1. 00 
-128 1.94 -215 3.12 €1. 99 
159 101 -j43: 384 1. @0 
145 101 200 1.56. 1. @€ 
43:9 iii 23::< 1.32 i. UU' 
-96 360 168 84 Ci. 99 
_54 4.3:4 77 2<60 1. cic 
-3:64 3.69 .. 	-93 168 Cl. 14 
87 581 -ilO 34€: 0. 99 
-208 74 -320 252 0. 99 
143 92 214 6.0 1. El El 
jiLl 92 69 300 1. 00 
393.. 950 219 1.236 1.. Ci0 
-210 €:49 -6..? 852 1. @0 
-142 646 1€: 61.2 El .  9:i 
-427 480 -5 76€: 1. 00 
199 65 -54 84 0. 99: 
124 23:1 -2 84 0. 93: 
3j: 203: :<:< 552 i. 00' 
1.94 65 - - 1.00' 
-371 249  
-151 92 -1.02 240 1. 00' 
-272< 295 -203: 336.. J. 00 
454 553: 3:36 . 	±68 0. 57 
1.71 1209 :<s 1212 1. 00 
256 6.08. 1.15 744 1.. 00 
-3:79 138 21. 3.72 1.00 
-133 166 -1.6 72 
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H614 MFIA PT  
F  FPH F  FPH F  FF'H 
147 1271 -156 978 -2 1 -116 
-461 145R . 	189 82j -106 1164 
126 53 57 8 3. 75 120 
73 174 21 148 -i6 420 
-650 1923 -558 1448 -509 1536 
605 2160 -3:9 1153 5. C-1 1284 
-38 264 -21 434 -35 300 
-557 757 399 480 152 144 
547 1104 :<4 554 57 6.84 
-132 97 -i 212 6.3 :<cio 
-736 576 --Ii7 1172 1S7 1308 
371 
479 	. -iE: iii -132 . 	96 
-157 222 20 212 44 396 
-614 1270 -173 876 . -142 924 
243 257 -2 203: 6.6 33:6 
-iso 507 -:<i 397 -129 492 
-406 • 	104 36.4 609 -55 3:00 
384 1986 50 1439 29 1236 
-416 1069 48 . 	867 - 45 .840 
-464 493 -29 . 46 -51 60 
411 375 62 23:1 255 252 
-546 1132 :<:< 6.73 45 540 
-474 403 285 546 255 576 
3 18 944 -145 351 -215 372 
-529 1062 -97 754 71 564 
-554 924 -423 747 -184 576 
297 375 172 203 -39 228 
-420 354 121 65 -70 312 
-311 5E. 404 747 59 192 
-550 736 -SE: 55 -45 54 
-308 <G8 -245 6.18 -75 480 
j53: 1097 366 876 422 780 
-659 167 . 157 757 . 504 
-216 125 297 434 203 26.4 
56 .533: -389 . 	1292 — 173 1020 
-731 1153: -16.9 747 -17 384 
-292 285 -242 185 -174 144 
203 660 281 055 -112 515 
-561 201 124 627 125 .576 
-165 56 115 240 5 1 -32 
102 257 -97 286 59 132 
-211 201 -62 36.9 42 396 
-10 -3 694 . 	476. 1319 342 1212 
-534 49 72 554 1 504 
-136 :<6E: 29 277 123 156 
-183 278 -284 3:04 -52 13:2 
-642 382 -56 92 - 	-186 84 
-38 222 12 231 -55 420 
-:<o 118 13 . 	212 -142 348 
-53? 528 24 53: 200 156 
-10 257 -44 443: -16.6 228 
25 83 229 • 	138 79 . 	216 
-241 132 151 664 157 . 	588 
-309 76.4 7 . 489 13.0 288 
-176. . 	125 -38 92 45 84 
-225 451 115 101 33: 
-400 653 -Si 3:32 -258 468 
20 278 -28 • 	13.8 65 13.2 
-725 SE:1 -325 957 -21< 948 
NATIVE 
	
H K. L 	FP 
-2 O In 1232 
-2 0 11 -1096 
-2 o 12 -120 
-2 
	
ci 13 	'-360 
Ci 1 -1120 
Ci 2 1272 
-: 0 3 -280 
— S O 4 -168 
-3 0 5 	544 
-3 ci 6 160 
-3 O 7 1232 
-3 Ci 8 	56 
— S ci 9 216 
— 3 ci 10 -744 
-S o IA 	112 
-3 ci 12 -376 
-3 O 13 	31.2 
-4 0 1 1296 
-4 0 2 -744 
-4 ci 3 	-48 
-4 0 4 -164 
-4 ci 5 -624 
-4 0 6 	216. 
-4 Ci 7 592 
-4 O 8 -648 
-4 El 9 -376 
-4 0 10 	248 
-4 Ci 11 -64 
-4 0 12 	288 
-5 0 1. -128 
0•• 2 	-328 
-5 Ci . 3 -1208 
-5 Ci 4 	720 
-5 Ci 5 56 
-5 Ci 6 -1080 
-5 0 7 -512 
• -5 
	
ci 	8 	80 
-5 0. 9 696 
-5 (1 10 	576 
-5 011 64 
-5 Ci 12 -368 
-6 0 1 	360 
-6 0- 2 912 
-6 Ci :< 	488 
-6 ci 4 -326' 
-6. 0 5 	-55 
-6. •0 	6 	. 192 
-6 Ci 7 -208 
-6 ci 8 	-64 
-6 0 9 -64 
• -5 
	
Ci 10 	400 
-6. ci Ii -200 
-7 Ci 1 	456 
Ci 2 -472 
-7. 
	ci 	3 	. 64 
-7 Ci 4 -232 
-7 El 5 -272 
-7 ci 6 -216 
—7 Ci 7 • -712 
177 
NATIVE HG 1 4 ri ii Fi PT N 
H K L . FP FH FPH FH FPH F  FFH III EF.:IT 
-7 0 .8 -57 -3:37 951 122 452 105 3.60 1. 000 
-7 0 9 -88 83: 7 -145 216 0.742 
-8 ci 1 -728 -112 937 229 563: 258 4:2 1. @00 
-8 0 2 784 -217 458 94 784 -36 744 1.000 
-8 ci 3 -3:04 -112 375 274 138 59 288 1.000 
-8 Ci 4 -112 -210 319 -319 517 -272 28E: j . 	ici0 
-8 ci 5 720 	., -69 576 -152 535 25 636 Cl. 999 
-8 ci 6 <52 -201 125 -285 . 	 65 -263 204 1. 000 
-8 ci 7 -232 -90 326. 297 65 3E: 276 1. 000 
-9 0 1 -64 -20± .229 87 83: -62 132 0.495 
-9 .0 2 -440 33 583: 71 <14 45 252 0:871 
-9 0 3 688 -125 444 -363: 295 -223 432 1. @00 
-9 0 4 72 -1 — 9I ES -131 iE Cl . 21 
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CHAPTER V THREE-DIMENSIONAL WORK 
V.1 Introduction 
The decision to go on to three-dimensional 
work on any crystal form depends both on the degree 
of success in projection work and on the desirahiity 
of a three-dimensional structure. 	Often three- 
dimensional investigations of a derivative which shows 
little promise in projection may clear up ambiguities, 
making its use in phasing possible. 	In the case of 
lattice K suitable derivatives had been found from 
the projection work and there was nothing to prevent 
at least a two derivative study. 	When the decision 
was made to undertake this task the platinum derivative 
had not been solved in projection and so only the 
various mercurial derivatives were considered suitable. 
For these derivatives there were essentially only two 
sites, the -SH site and the HgI site. 	Little would 
be gained by using a third derivative occupying the 
same sites and therefore a three-dimensional study 
had to be essentially a two derivative one, with the 
possibility of making use of the platinum derivative 
if a solution could be found, 
Lattice K clearly has a much more convenient 
spacegroup than the triclinic lattice X. 	It might 
therefore be a preferable subject of study among the 
low pH crystal forms if higher resolution work is to 
be carried out in the future. 	Although lattice X 
had the advantage of a- third derivative, it was still 
hoped that a solution would be found for the platinum 
- i8o - 
derivative of lattice K. 	Even supposing complete 
failure of projection work, it was quite possible 
that an interpretation would be evident using three-
dimensional data. 
It was decided therefore to press on to a 
three-dimensional investigation of this crystal form 
with the two derivatives available without abandoning 
the platinum derivative. 	As it turned out, further 
effort on the projection data did elucidate the heavy 
atom sites of this derivative. 	Although lack of time 
prevented this work being carried into three dimensions, 
two derivative phasing proved reasonably successful. 
V.2 Photographic Data Collection 
The ease with which three-dimensional photo-
graphic data could be collected for this crystal form. 
out to 6 Angstroms resolution was a point in favour 
of extending this work to three dimensions. 	In the 
case of lattice Z, which is very similar, 6 X three-
dimensional data was collected on a total of 6 
* 
photographs taken perpendicular to the c axis. 
This can be seen in figure V.1 to give a very efficient 
coverage of the reciprocal lattice. 	Photographic 
data collection was particularly suited to the size 
of crystals which I had available. 	Even the largest 
of these was too small to be considered ideal for 
diffractometer measurements, but was not disadvantage-
ously small for photographic work. 
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6A° (z) 6A° (K) 
 b * 
\NNNNNN / 
- 
[, To]  
\ NN><N 11 p1  
[120] layer 1 
L126] layer 2 
[1 - 	 O] layer 3 
[oioJ layer 1 
[oio] 
Figure V.1 	Coverage of 6 Angstrom data-set, shown in 
the [00 11 plane. 
Solid lines represent the plane of the 
precession photographs, dotted lines are 
symmetry-related planes of the lattice. 
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Coverage of the 3-d 6 i data 
The six photographs used in lattice Z data 
collection were the [oio] and its first layer, the 
[io] and both its first and second layers, and the 
[,To]. 	These photographs are efficient for data 
collection both because of high density of spots 
and because of the low symmetry. 	Since the a cell 
dimension of lattice Z and K differ, these six 
-photographs do not cover the reciprocal lattice of 
K out to the six Angstrom limit. 	The majority of 
the missing lattice points can be collected from the 
jio] third upper layer. 	The rest could have been 
collected on either the second upper layer of [oiol 
or the fourth of 	, but they were not judged to 
be sufficiently important to warrant this since they 
are few in number and lie close to the 6 i limit. 
It was decided to use the [0013 zone also, even 
though practically all the reflections within the 
6 R limit may be measured on other films. 	The 
principal advantage of incorporating this data is 
for scaling purposes since this film has reflections 
in common with all the other films. 	It would be 
possible to scale without this data, all the other 
seven films having reflections in common with at 
least one other film. 	 - 
One disadvantage of upper layer photographs 
is that they inevitably have a 'hole in the middle' 
whose radius depends on the precession angle. 
This can lead to difficulties in designing a scheme 
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of photographic data collection because reflections 
inside this hole will be missed out and must be 
measured on another photograph. 	I found that the 
upper layer photographs taken with a precession angle 
of 10 degrees were sufficient to give full coverage 
of reections near the centre on one fiLm or another. 
There were some reflections missed very near the 
origin, but this was entirely on zero layer films 
where the backstop itself prevented accurate measure- 
ments from being made. 	A smaller backstop could 
have been used to overcome this difficulty, but only 
a few extra reflections could have been measured. 
These would be of very low order and therefore of 
doubtful value in the structural determination. 
One drawback of this method of data collection 
is that only one measurement is made for about half 
of the reflections since they appear only once on 
any film.. 	This is acceptable as long as anomalous 
scattering may be neglected, as is the case with the 
native. 	The derivative data does include an anom- 
alous contribution which, for these particular 
reflections, was not averaged out and therefore 
contributes to the errors. 	The extra error introduced 
is small in comparison with the ordinary errors in 
measurement which are of the order of 5% in F (see 
Appendix V.A). 
The f1201 and its upper layers are essential 
photographs for 6 R coverage. 	Simmons makes no 
mention of any special technique required to set on 
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this zone in lattice Z, but in lattice K it is not 
possible to set directly on this zone since there are 
no obvious circles. 	The most reliable method of 
setting was first to find the 1I010J zone and then to 
rotate the crystal around the c* axis by 19
0 
 , a 
rotation which orients the crystal near enough the 
[io] for setting. 	In the normal crystal mounting, 
the c axis does not lie along the spindle. A three 
degree precession photograph of the [0101 is sufficient 
to determine the orientation of this axis, and 
rotation is carried out by adjustment of both the 
spindle and goniometer axes. 
This zone was particularly difficult to set 
using the Hg1 4 derivative crystals. 	The rows of 
spots on this zone are widely spaced and hence the 
0,0,6 reflection was particularly useful in determining 
whether a good setting had been achieved in a three 
degree setting picture. 	Unfortunately the intensity 
changes introduced by the binding of HgI reduced 
this reflection markedly so that it was of much less 
use ; commonly larger angle setting photographs had 
to be used in the later stages of setting. 
V.3 Native Data and Scaling 
Of the eight films used for native data collection 
five have equivalent reflections occuring on the same 
OL film. 	These are the [0011 photogr, ph (which has 12. 
equivalent segments), the [010] zero and first layer 
photographs and the [io] photograph (with two equivalent 







[010] 5+ 3 1024 
[010] 58 3 955 
layer 1 
[io] 55 2 248 
[lio] 44 4 321 
[001] 46 4 337 
Figure V.2 	Self-consistency of native BLG-His data 
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Film 
No. 
Film No. 	of Reflections 
in common with 
Mean Delta F 
Mean F 
scaled data-set *100 
i [oio 0 - 
2 [iojiayer 2 68 9.1 
3 [010] layer 1 65 7.6 
4 [io] layer 	1 72 5.2 
5 [10] layer 3 133 12.0 
6 [io] 46 14.o 
7 [ooi] 38 10.0 
8 {io} 31 8.6 
Figure V.3 	Preliminary Scaling of BLG-His data 
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halves), and. the [II01 photograph (with 4 equivalent 
quadrants). 	With these films therefore it is possible 
to get some measure of the self-consistency of the 
data. (See figure V.2). 
Scaling of films 
A rather simple-minded scaling can he done by 
taking one film and scaling with it the film which 
has the largest number of common reflections. 	The 
data is then merged into a basic data-set and other 
films are added in the same way until all are included. 
This was what had been done to scale the lattice Z 
data. 	The method suffers from the disadvantage that 
the scale-factor.. for a particular film is influenced 
only by the films already in the dataset, and films to 
be scaled later will have no influence on the scale- 
factors. 	Better methods of scaling have been 
formulated which take account of all films simult-
aneously by optimising the scale-factors so that an 
error function is minimised. 	In this way all 
common reflections are used to determine the set of 
scale-factors. 
I was interested to know how such a refinement 
method would compare with the primitive system of 
scaling. 	The primitive method was employed first, 
using all the data measured including reflections 
beyond the 6 A limit. 	The results can be seen in 
figure V.3. 
Refinement of Scale-factors 
A program for refining scale-factors using the 
I. .. 
method, of Rollet and Sparks (1960) was written in 
FORTRAN by J. Moult. 	To describe the theory behind 
this method the notation of Pollet and Sparks will be 
used except that the subscripts i and j will replace 
a and b. 	By definition Fhj is the measurement of 
F of the h th reflection on film i, k. is the desired 
scale-factor for F in film 1, and weualS 1/(the 
estimated standard deviation of F 2 ) 2 . 	The residual 
error of the complete set of films, E, is 
) 	W 	[ji1 - ( Fhi 2) k. ] 
2 
ii 
which means that if a particular F 2h has been measured 
on more than two films, the difference between all 
possible pairings of the measurements are included 
in the summation. 
Scale-factors must be chosen to minimise E. 
The function E has a minimum when all the partial 
derivatives 	- 	
. 	Differentiating E with 
respect to the n scale-factors, assuming n 'sets of 
data are involved, gives n equations, called the 
normal equations, which must be satisfied. These 
are of the form. 
- wh(Fhi)ki wh(F 2 	hj 	j )(F )k 	= 0 hi 
These equations are not linearly independent and 
unfortunately the only exact solution to them is for 
all scale-factors to be zero. Some condition must 
therefore be put on the k.'s to prevent this. 
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Dickerson (1959) suggested a solution which essentially 
holds one scalefactor constant. 	There is then one 
more equation than necessary, and so one equation is 
ignored. 	Unfortunately the results of applying this 
method are greatly dependent on which equation is 
ignored. 
In this method, Rollet and Sparks have been able 
to use all equations by imposing the condition that 
k.1 in which case the solution is mathematically 
equivalent to an eigenvector solution. 	The new 
condition has no more justification than the old but 
at least it allows the normal equations to be treated 
symmetrically. 
The weighting system requires an estimate of the 
standard deviation of a particular measurement of 
F and this would normally be determined by the 
counting statistics of the diffractometer or scanning 
system used for data-collection. 	The standard 
deviations depend on the scale-factor applied to the 
data-set. 	This complicates the refinement, making 
it necessary to apply more than one cycle of the 
process when the scale-factors are greatly dissimilar. 
In this way the weights are adjusted to be close to 
their 'true' values. 	An improvement on this method 
has been proposed by Hamilton, Rollet and Sparks 
(1965) in which the dependence of the weights on the 
scale-factors has been taken account of in the 
mathematics, and although a simple eigenvector 
solution is not applicable in that case, a full 
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least-squares inversion solution yields the scale-
factors directly. in one process. 
The scanner processing of lattice K data did not 
contain any facilities for producing an estimate of 
the standard deviation of individual intensity 
measurements. 	These error calculations would have 
to be rather complicated because of the conversion 
from transmission to optical density and because of 
the lack of information about the stability of the 
machine. 	It also seems that the smaller reflections 
are more subject to error than might be expected when 
assuming a constant absolute error. 	It was decided 
to weight all measurements equally rather than apply 
an unproven weighting scheme,and since the smaller 
reflections have less 'effect on the scaling anyway, 
the poor quality of this data should not bias the 
scaling greatly. 
The above program was first applied to the full 
set of eight native films, which had been scaled 
roughly by the method previously described. 	All 
reflections were included with equal weight. 	As 
part of this particular version of the program, 
measurements whose standard deviation (calculated 
from separate measurements) was greater than an 
arbitrary given value were excluded from the 
calculation of scale-factors. 	The distribution 
of these excluded reflections confirmed that the 
smaller reflections (less than 200) are more prone 
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No. of reflections 
overall 	 F in hundreds 
Figure V.4 	Magnitude Distributions 











1 [010] 36.24 114 8.34 434 526 1.000 
2 [120] layer 	1 25.76 83 5.52 466 295 i.004 
3 [010] layer 1 28.11 189 6.73 417 510 0.990 
Li [15 01 layer 2 31.37 122 7.53 416 345 0.980 
5 [1 TO] 47.84. 52 10.64 449 92 1.o4o 
6 [io] layer 3 37.06 151 9.21 402 372 0.9 86 
7 [001] 33.68 42 6.15 547 49 1.o46 













1 [010] 29.89 114 6.88 434 526 1.000 
2 [io] layer 	1 17.38 83 3.73 465 294 1.002 
3 [010] layer 1 24.27 189 5.82 417 510 0.989 
4 [1501 layer 2 30.98 122 7.43 416 345 0.980 
5 [110] 64.21 52 14.28 449 92 1.040 
6 [io] layer 3 42.77 151 iO.62 402 371 0.989 
7 [001] 44.68 42 8.19 545 49 1.042 
8 [10] 22.59 31 4.99 452 124 1.031 
Figure V.5a 	Refined scale'factors for native BLG-His data 
after 1 and 2 cycles. 
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1 [010] 29.89 114 6.88 434 526 1.000 
2 [io] layer 1 17.38 83 3.73 465 294 1.002 
3 [oio] layer 1 24.27 189 5.82 417 510 0.989 
ii [io] layer 2 30.98 122 7.43 416 545 0.980 
5 [10] 64.21 52 14.28 449 92 i.040 
6 [1501 layer 3 42.77 151 10.62 402 371 0.989 
7 ooiJ 44.68 42 8.19 545 49 1.042 
8 [101 22.59 31 4.99 452 124 10031 













1 [010] 29.06 77 5.05 574 366 1.000 
2 [10] layer 1 11.91 69 2.20 542 241 0.9983 
3 [oio] layer 1 19.09 140 3.80 502 397 0.9877 
4 layer 2 24.67 91 5.08 489 279 0.9779 
5 {10] 59.23 38 io.63 5.57 68 1.0370 
6 [120] laver 3 35.47 104 7.36 481 291 0.9882 
7 01 45.41 34 7.45 609 42 1.0362 
8 [io] 18.34 22 3.30 556 94 1.0224 
Figure V.5b 	Refined scalefactors for native BLG-His data 
- comparison of data-sets with and without 
small reflections. 
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= Lia i1 reflections IF - averaged Fl 
RF 
11 reflectionsF 
Eall  reflections IF  - averaged F 2 1 R 
F 
 2 = 	
all reflections F2 
The above two R factors are calculated to be 
0.043 and 0.065 respectively. 	Scale-factors ranged 
from 0.98 to 1.04 after two cycles (figure V.5). 
The program also produced a scaled data-set with 
common reflections having the average value of the 
scaled measurements, and it was this data-set which 
was used in the three-dimensional work. 
As a comparison, to see how the scaling was biased 
by the inclusion of the small reflections, the whole 
proceedure was repeated, missing out all reflections 
below the arbitrary level of 200, which I judged to be 
the lower limit of reasonably accurate data. 	This 
improved the agreement of the data greatly. 	Both 
absolute standard deviation and percentage standard 
deviation were reduced for every film. 	The overall 
R  was reduced to 0.029 and RF2 to 0.058. 	Despite the 
elimination of such a large proportion of the data 
the scale-factors were not greatly altered. 	The 
largest change was less than 1% (see figure V.5). 
Having satisfied myself that small reflections have 
little effect on the scale-factors, I was content not 
to dispose of them at this point but wait until it 
was. more obviously detrimental to continue to include 
them. 
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Absolute Scalin g  
The scanner data was brought onto a roughly 
absolute scale by scaling the [owl zone zero layer 
data with the equivalent microdensitometer set, which 
had been put on approximately absolute scale by 
comparison with lattice Z. 	Another possible criterion 
for absolute scaling, which was used to scale lattice 
Z, utilises the fact that almost full.occupancy is 
aéhieved by the MMA derivative. 	After refinement 
the occupancy of this site should be about 80 electrons. 
A scale-factor can be applied to adjust the refined 
occupancy to this level. 
V.4 Derivative Data and Scaling 
In the projection work both MNA and Hg1 4 could 
be made to bind at the -SH group. 	Of these two 
derivatives MMA is undoubtedly the simpler from a 
crystallographic point of view. 	It involves only one 
appreciably heavy atom whereas in the mercurial complex 
the iodines must also be considered for high resolution 
work. 	Another disadvantage of the Hg1 4 group is 
that, being a large complex, it is apt to disturb the 
surrounding protein molecule in binding. 	It was 
mainly because of these considerations that NMA was 
chosen as the -SH binding derivative for three-
dimensional work. 
A 5 mm solution of MNA in 4 M phosphate had been 
found to be a suitable soaking solution to produce 
derivative crystals on a small scale. 	The experiences 
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of Simmons and Komorowski with lattices Z and X 
suggest that the NMA reac tion with the -SH group is 
a very 'clean' reaction. 	They found no minor sites, 
where binding would occur if non-stoichiometric 
quantities of the reagent were used. 	Because of 
this property, which also applies to lattice K, I 
was able to use an excess of MMA to ensure complete 
and rapid reaction. 
A batch of twenty crystals were soaked in 5 mM 
MMA in 4 M phosphate buffer. 	After a week of 
soaking the intensity changes were as large as those 
obtained in projection work. 	The crystals were 
transferred to a very dilute solution of MMA in Li M 
phosphate so that little further reaction could occur. 
No detectable washing out of the heavy atom under 
these conditions was noticed over a period of a month. 
The same set of eight photographs used to 
collect the native data were taken using the derivative 
crystals, and subsequently measured using the scanner. 
The self-consistency of equivalent segments of one 
film was similar to that for native. 	Rough scaling 
was carried out by comparison of each film with the 
primitively scaled native data. 	This scaling was 
done using the program COLLATOR, which took all 
reflections common to both sets of data and made 
the sum of their F's equal. 	In most cases this 
results in reasonably good scaling, hut in some cases 
(e.g. figure V.6) the largest reflections are system-
atically all larger on one film, an indication that 







51 174 76 
33 211 141 
46 249 231 
40 347 349 
42 439 492 
38 577 647 
33 766 .820 
9 1060 1035 
7 1162 1242 
5 1360 1506 
I 1840 2233 
Figure V.6 	Comparison of native and derivative 














i [010] 23.59 88 5.43 434 306 1.000 
2 [10] layer 1 23.92 86 5.22 458 285 0.985 
3 [010] layer 1 30.27 189 7.09 426 486 0.990 
4 [120] layer 2 21.22 109 .4.98 426 327 1.012 
{110] 24.43 49 5.15 474 91 1.095 
6 [10]layer 3 29.94 143 7.24 413 413 0.951 
7 [001] 22.11 42 4.10 539 49 1.040 
8 [i0] 32.59 32 6.53 493 1113 1.044 
Figure V.7 MNA derivative scaling refinement 
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the scale-factor could be better. 	For comparison 
with the above method, scaling was carried out by 
refinement in the same way as with the native data. 
Because the rough scaling had already been made to 
the native set of data, the scale-factors produced 
by the scaling refinement of the derivative data 
should ideally have been very similar to those of 
the same native films. 
The resultant scale-factors for the ?IMA derivative 
films are tabulated in figure V.7 and it can be seen 
that they differ from their expected values by as 
much as 3% to 5%. 	The COLLATOR method of scaling 
is more likely to be at fault. 	All films have 
quite a high proportion of small reflections. 	The 
overall level of these reflections on one film may 
be quite different from that on another, especially 
when many of the measurements have been assigned 
arbitrary small values before scaling. 	It was 
decided therefore that the refined scale-factors 
should be used in preference. 
The MMA scaling refinement gave slightly lower 
errors than the native, RF being 0.0 1 1 and RF 2 0.055, 
including all reflections. 	The derivative data-set 
was produced in .a similar manner to the native. 
The second derivative considered to be useful 
for three-dimensional work was Hg1 11 when reacting at 
the usual Hg1 11 site4 	This was a more difficult 
derivative to prepare since it does not have the 'clean' 
reaction of MMA and it has been found by workers on 
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the native forms that greater than stoichiometric 
quantities of this reagent added to the protein soaking 
solution cause disordering of the crystals over a 
period of weeks. 	This is attributed to the slow 
reaction of the compound at a minor site. 	Preparing 
astoichiometric reaction mixture of HgI and lattice K 
crystals presented particular difficulties. 	Because 
only a few tubes of crystals were available, experiments 
were restricted to using a small number of crystals 
rather than a whole tube. 	The quanitity of protein 
therefore had to be estimated. 	It was found that 
weak solutions of the reagent (about 0.01 mM) did 
not react much even over long periods. 	To arrive 
at higher concentrations of reagent while still 
dealing instoichiometric mixtures, very small quantities 
of liquid had to be used to soak the crystals, with 
consequent danger of the crystals not being properly 
soaked. 	Several soaking experiments were set up, 
but the best of these did not yield as good intensity 
changes as the trial soaking. 	There was still a 
tendency for the crystals to disorder, seen in the 
deterioration of the diffraction pattern. 
These difficulties might have been overcome given 
a good supply of crystals. for experimentation and 
plenty of time to allow complete reaction to take place, 
but I decided that a more direct approach might be 
just as satisfactory as a batch soaking method. 	A 
stock solution of reagent containing 0.08 M HgI with 
10 mM KI in 3 M ammonium sulphate at pH 6.5 was made up. 












1 [010] 20.03 114 4.65 431 537 1.000 
2 [150] layer 1 22.71 84 4.79 475 288 1.005 
3 [ow] layer 1 32.90 188 7.50 440 454 0.998 
'i [io] layer 2 42.3 8 116 9.63 440 309 0.996 
5 [110] 29.85 50 6.20 481 91 1.114 
6 [10] layer 3 28.30 151 6.75 419 339 0.979 
7 01] 28.26 41 4.92 576 49 1.101 
8 [io] 26.85 31 5.26 510 111, 1•000 
Figure v.8 	Hg1 4 derivative scaling refinement 
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I ml quantities were drawn off and a crystal was 
soaked in this solution overnight (18 hours). 	Each 
crystal was soaked individually for the same period 
in fresh reagent the night before it was mounted and 
set. 	Different photographs taken by this method had 
comparable intensity changes and because of the short 
period of soaking the crystals were in very good 
condition. 
The complete set of 8 photographs was collected 
in this manner and was scaled by the same process as 
for the MMA derivative (see figure V.8). 	Judging 
from the standard deviations, the IlgI data-set is 
not noticeably less consistent than the native set. 
This indicates that the method of preparation of the 
derivative by individual soaking was fairly repeatable, 
The only slightly odd thing about the scale-
factors is that the [110) and [001) films have 
rather large scale-factors compared to the expected 
values. 	This is probably due to the fact that both 
these films have rather fewer reflections so that 
scaling by sum of F's is a less accurate criterion. 
Because the standard deviation from refinement of 
scale-factors is low for both these films, I would 
place more confidence in the scale-factors produced 
by this method than in those produced by sum of F's 
scaling. 
Once full data-sets were available for the native 
and the two derivatives, the derivative sets were 
compared with the native to show the distribution 


















1 1 0.0289 64 456 392 0.140 
2 6 0.0373 595 570 297 1.o44 
3 12 0.0477 604 615 169 0.982 
4 17 0.0564 724 634 120 1.141 
5 15 o.0641 433 432 166 i.004 
6 22 0.0713 644 595 115 1.082 
7 22 0.0785 723 711 148 i.oi6 
8 15 0.0833 611 616 171 0.993 
9 26 0.0888 720 674 146 1.067 
10 21 0.0942 572 587 136 0.975 
11 25 0.0985 486 487 163 1.000 
12 21 0.1036 491 494 134 0.993 
13 35 0.1076 535 538 146 0.996 
14 24 0.1128 461 422 149 1.091 
15 23 o.116o 4oi kio 154 0.977 
16 31 0.1200 405 441 119 0.918 
17 32 0.1239 484 449 149 1.077 
18 23 0.1279 312 329 141 0.948 
19 36 0.1313 408 402 116 1.o16 
20 27 0.1345 414 447 101 0.925 
21 22 0.1379 424 382 121 11110 
22 45 0.1413 321 350 110 0.918 
23 21 0.1445 351 380 122 0.923 
24 38 0.1477 343 330 105 1.039 
25 29 0.1509 349 385 121 0.908 
26 25 0.1542 316 336 142 0.941 
27 37 0.1568 368 367 1.30 1.004 
28 32 0.1599 355 3/17 127 1.021 
29 27 0.1628 373 370 140 1.009 
30 31 0.1657 354 391 137 0.905 
Figure V.9a Comparison of native and MNA derivative data 
- radial distribution. 










1 2 38 288 251 
2 29 61 168 108 
3 28 86 217 138 
24 106 199 io8 
5 28 137. 204 88 
6 32 170 242 106 
7 52 211 246 127 
8 57 253 273 124 
9 55 303 322 114 
10 47 350 348 136 
11 50 405 378 109 
12 57 464 459 139 
13 64 528 493 142 
14 39 590 548 141 
15 45 661 633 147 
16 29 732 576 223 
17 39 806 741 146 
17 885 843 192 
19 16 990 956 145 
20 10 1065 1002 199 
.21 7 1158 1163 97 
22 4 1253 1133 169 
2.3 3 1363 1303 59 
24 3 1450 1360 194 
25 2 1531 1360 171 
26 1 1630 1367 263 
30 1 2198 1840 358 
Figure V.9h 	Comparison of native and MMA derivative 
data 	- magnitude distribution 



















2 3 0.0374 1022 673 625 1.518 
3 12 0.0477 873 '615 419 1.420 
4 17 0.0564 694 634 312 1.093 
5 15 o.o641 535 432 320 1.240 
6 22 0.0713 638 595 289 1.071 
7 22 0.0785 846 711 271 1.189 
8 15 0.0833 538. 616 258 0.874 
9 26 0.0888 576 674 255 0.855 
10 21 0.0942 500 587 256 0.851 
11 25 0.0985 463 4,87.  199 0.951 
12 21 0.1036 648 494 244 1.311 
13 35 0.1076 618 538 238 1.150 
14 24 0.1128 507 422 206 1.203 
15 23 0.1160 429 kio 156 i.o46 
16 31 0.1200 487 441 186 1.106 
17 32 0.1239 539 449 178 1.200 
18 23 0.1279 343 329 1.53 1.044 
19 36 0.1313 455 402 202 . 1.132 
20 27 0.1345 483 447 144 1.079 
21 22 0.1379 438 382 161 1.148 
22 45 0.1413 368 350 121 1.051 
23 21 0.1445 334 380 . 	 127 0.878 
24 38 0.1477 365 330 123 1.103 
25 29 0.1509 340 385 112 0.884 
26 25 0.1542 337 336 95 1.002 
27 37 0.1568 390 367 123 1.063 
28 34 0.1599 370 342 136 1.o84 
29 28 0.1628 376 369 136 1.020 
30 32 0.1657 402 409 107 0.984 
Figure V.lOa 	Comparison of native and Hg1 4 derivative 
data - radial distribution 
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Magnitude Distribution 








16 i 54 227 173 
2 23 72 223 154 
3 27 101 309 212 
4 26 124 252 150 
5 28 16o 280 167 
6 38 193 261 125 
7 47 233 272 128 
8 43 276 279 141 
9 56 323 318 148 
10 66 372 358 131 
11 49 423 427 148 
12 43 480 431 214 
13 47 540 435 199 
14 37 604 540 180 
15 35 674 586 186 
16 37 746 544 252 
17 30 821 679 210 
18 27 893 755 257 
19 18 975 766 227 
20 14 1074 892 287 
21 13 1154 866 370 
22 7 1239 935 327 
23 3 1375 1098 283 
24 3 i44o 1147 294 
25 2 1552 1325 227 
27 1 1736 1320 416 
28 3 1851 1382 469 
29 1 1955 1296 659 
30 1 2126 1272 854 
Figure'V.lOh 	Comparison of native and Hg1 4 derivative 
data 	- magnitude distribution. 
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and magnitude of the intensity changes (figures V.9 
and V.10). 
V.5 Calculation and Interpretation of Three-Dimensional 
Difference Patterson Maps 
It was decided to calculate difference Pattersons 
for both sets of derivative data. 	The purpose of 
this was threefold : (a) to serve as a confirmation 
of the projection work ; (b) to check on the quality 
of the data ; and (c) to test out the method of 
calculating Pattersons described in the following 
pages. 
Calculation of Three-Dimensional Fourier and Patterson Maps 
Many Fourier programs can deal 	with trigonal 
spacegroups 	directly by translating the lattice 
into an orthorhombic system. 	The Fourier program 
used, written by Dr. Marjory Harding (Chemistry 
Department, Edinburgh University) was unable to 
carry out such a translation and therefore had to 
be supplied with a unique set of phased reflections 
on the orthogonal system. 	This requires not only 
re-indexing of the unique hexagonal set but also 
the expansion of this set to cover the larger unique 
set of the less primitive spacegroup. 
As seen in figure V.11, the complete three-
dimensional reciprocal lattice is related to the 
unique hexagonal set by the lattice symmetry, the 
magnitude of related F's being the same. 	The 





° 0 :° 0 
D  
000O0OO 
;IO 0 - 0 0 0 0 0 • 
a,a 
Fikh1Q 0 hkil 
ihkl 	 fl 0I 0 	/ khil 
(T) - - ' 	 / / (T,D) 
1 511 ---ö_ '2T1 
F- 1 	Fj- 1 
(-T,cD) (-T, C) 	h 
MON 
diad 
—unique set of reflections- orthogonal system 1 
k+vel 
unique set of reflections - hexagonal systemJ only 
Figure V.11 	Relationship between hexagonal and orthogonal 
lattices. 	The marked reflections are related 
to Fhkjl  by the operations shown in brackets 
in the order given where 	D = diad 
C = centre 	, T = anticlockwise rotation 
* 	 0 round c of 120 	and -T = the clockwise rotation. 
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can be calculated using the spacegroup symmetry and 
the structure factor expression :- 
!(h,k,j,l) =f exp 2rri(hx+ky+lz) = A + iB 	(V.1) 
For instance, the reflection (i,k,h,I) is related to 
(h,k,i,l) by the b axis diad of the unit cell (see 
figure V.11). 	The cell contents are identical from 
both points of view and therefore these F's have the 
same phase. 	Reflections related by a centre of 
symmetry have opposite phase (from equation V.1). 
F(h,k,,1) 
The reflection (i,h,k,l),related by an anti-
clockwise rotation around the 	axis of 120 degrees 
to (h,k,i,l) , has a more complicated phase relation- 
ship. 	This transformation is equivalent to an origin 
shift of 1/3c along the c axis, because of the screw 
axis. 	Hence 
F(i,h,k,I) = 	I exp 2Tri(hx+ky+l(z_)) 
Expansion of the above expression followed by 
simplification to an expression in terms of A and B. 
the real and imaginary parts of F(h,k,i,l), gives 
A(i,h,k,l) = B sin(.(2rrl)/3) - A cos((2rrl)/3) 
B(i,h,k,l) = A sin((2crl)/3) + B cos((2cTl)/3) 
The phases of the extra reflections to be generated, 
(i,h,k,l) and (i,i,i,i), are related to the (h,k,i,1) 
reflections by :. in the former case, a simple anti-
clockwise rotation ; and in the latter case, all 
three operations in the appropriate order. 
Transformation of the indices of the hexagonal 
system ( hh , kh , lh ) to those of the orthogonal system 
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4 Yh 	 4 	b 
_ L07h 
- - orthogonal cell 
- 	hexagonal cell 
Figure V.12 	Relationship between the orthogonal cell 
and the primitive hexagonal cell. 
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(h ,k 
0. 0 
,l ) must also be carried out using the relation-
ships :- 
h = 2h + k 





which obviously ensure that h 
0 	0 
+ k is even, corres- 
ponding to the centred lattice. 
A program carrying out these operations had been 
written for lattice Z work and was used in this 
case with slight modifications to take care of special 
reflections. Another small modification allows the 
application of the program in the Patterson case. 
Because only magnitudes of F's are used in the 
Patterson summation, the phase relationships of F's 
are irrelevant and should not be applied. 
The Fourier summation can then be applied, 
regarding the spacegroup as C2 ( C2/m for the Patterson), 
the resultant Fourier map being in terms of the 
orthogonal unit cell, which is simply related to the 
primitive cell (see figure V.12) with the following 
relationships between cell dimensions and fractional 
coordinates. 
a = 3 a 	 x =xh/2 
Yo Yh _(h ' 2 •Yh YO.  +Xo 
C = C 	 z = z o 	h :0 	h 
The corresponding set of equivalent positions 
and Patterson peaks are shown for this system in 
figures V-13 'and V.i't. 








0 YO o o 
B 3(y0-x0 ) - (3x0+y) 







-y 	) o 0 
- 4(3x +y 	) 
0 	0 0 
F (y +x 	) 
0 	0 
(3x -y 	) 0.0 I i-zo 
Figure V.13 	Equivalent Positions for P3 2 21 
in orthogonal coordinates. 








AB (3x0 -y0 )/2 (3x0 +3y 0 )/ 2 . 	- 
AC (3x0 +y 0 )/ 2 (3y - 3x 0 )/2 
BC Y O y -3x -4- 
EF 
-y -3x 
DE (y Y 0-3x0 )/2 (3x 0+3y 0 )/ 2 4- 
DF (-3x 0 -y 0 )/ 2 (3y0 - 3x0 )/2 - 
AD 2x 0 2z o 0 










AF (x0 +y0 )/2 (3y0-3x)/2 -4-4-2z 
BE y0-X0 - a4-+2z 
CD (3x -y)/2 (3x - 3y0 )/2 -4-+2z 0.1 
AE (x +y 	)/2 (3x +3y 	)/2 4-+ 2 z 0 	0 0 	0 0 
BD (x0+Y0)/2 (-3x0 -3y0 )/ 2 
CF -x0 -y0 	. 0 4-+2z 
Figure V14 	3-d Patterson peaks for P3 2 21 in 
orthogonal coordinates (negative 
vectors not given ) 
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Using the orthogonal system has the advantage 
that Fourier maps may he produced in sections per-
pendicular to the molecular diad, allowing the two-
fold nature of the structure to be seen clearly, and 
also convenient for comparison with structures from 
other forms. 
Interpretation of the Patterson maps 
The positions of the heavy atom sites which had 
been deduced from the projection work were trans-
formed to orthogonal fractional coordinates. 	The 
difference Patterson maps were then calculated for 
both derivatives and the maps were examined to see 
if Patterson peaks for these two sites occurred. 
Figure V.15 is a contoured section of the MMA derivative 
difference Patterson which has little in it other than 
the expected peaks. 	A similar section for the HgI 
map also has the expected features but with additional 
peaks, much higher than the ripple level of the 
M}IA map. 	The predicted peaks were still the most 
prominent features of the map and this was sufficient 
evidence that the sites from the projection work 
were again occupied in this case, the extra peaks of 
the HgI map being put down to either a minor site 
(probably at the -SH site) or lack of isomorphism. 
It was decided that this question could more easily 
be solved from Fourier maps. 	Joint refinement was 
therefore carried out on these two derivatives with 
only the major sites in order to produce a set of phases. 






Figure V.15 	Section of MMA derivative 3-d difference 
Patterson showing three predicted peaks. 
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Figure V.16. Section of Hg1 4 derivative difference Patterson 
showing three predicted peaks 
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V.6 Ref in'ement 
The data used for refinement omitted the reflections 
within a 10 Angstrom resolution sphere. 	It tends to 
be these reflections whose intensity changes are 
governed by the state of the solution in the crystal 
lattice to a greater extent than the higher order 
reflections. 	Because the difference between the 
derivatives inevitably involves some change in the 
solution's ordering or density, changes occur in 
these reflections which are independent of the heavy 
atom contribution. 	For this reason these reflections 
are often badly phased and are generally left out of 
the Fourier summation. 	Their omission does not cause 
any serious problems. 	This practice was adopted 
here despite the fact that the distribution of figures 
of merit (figure v.18) indicates increasing mean 
figure of merit towards the 10 Angstrom limit. 
The outer limit of the data was set at 6 Angstroms 
within which almost a complete data-set had been 
collected. 	In Appendix V.D the phases for the 
complete set of reflections are listed, but for the 
purposes of refinement and Fourier calculation a 
further set of reflections were disregarded. 	These 
were the reflections with low measured value of F 
in the native, i.e. arbitrarily those with F less than 
200. 	Despite the fact that the scanner analysis 
programs have assigned them values, these values are 
of the same order as the measurements of system-
atically absent reflections. 
Xh= 0.893 Scale = 1.07 Xh= 0.854 
'h 0.563 B = 	11 Yh= 0.368 
Zh= 0.136 Occupancy = 98 Zh= 0.093 
electrons 
x =-O.054 x =-O.073 o 0 
Y,= 0.617 y= 0.441 
0.136 0.093 
Xh= 0.927 Scale = 1.05 x h= 0.093 
h 0.546 B = 57 Y h = o.436 
Zh= 0.014 Occupancy =238 0.003 
electrons 
x =-0.037 x =-o.946 
0 0 
Yo= 0.583 y= 0.390 
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Heavy Atom Sites in P3 2 21 
lattice Z 
Figure V.17 	Refined parameters of MMA and Hg1 4 sites 
of lattice K, and positional parameters 
of lattice Z. 
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sin 2 e 
range 	 - 
Mean figure 
of merit 
Mean FP No. 	of 
reflections 
0.000 - 0.001 - - 0 
0.001 - 0.002 - - 0 
0.002 -.0-003 - - 0 
0.003 - 0.004 - - 0 
0.004 - 0.005 - I 	- 0 
0.005 - 0.006 1.0000 489 2 
0.006 - 0.007 0.9326 702 10 
0.007 - o.008 0.9282 578 7 
0.008 - 0.009 0.9181 615 9 
0.009 - 0.010 0.8880 505 9 
0.010 - 0.011 0.8768 628 8 
0.011 - 0.012 0.9889 487 9 
0.012 - 0.013 0.8027 458 10 
0.013 - o.oik o.8810 444 7 
o.o14 - 0.015 0.9433 365 10 
0.015 - 0.016 0.8198 364 9 
0.016 - 0.017 0.7875 406 6 
Figure V.18a 	Distribution of figures of merit 
for centric reflections 
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Figure of merit 
range 
Mean FP No. of 
reflections 
0.00 - 0.05 250 2 
0.05 - 0.10 516 2 
0.10 	0.15 - 0 
0.15 - 0.20 206 1 
0.20 - 0.25 328 1 
0.25 - 0.30 229 1 
0.30 - 0.35 368 1 
0.35 - 0.40 438 2 
0.40 - 0.45 368 1 
0.45 - 0.50 - 0 
0.50 - 0.55 328 1 
0.55 - 0.60 - 0 
0.60 - 0.65 - 0 
0.65 - 0.70 353 1 
0.70 - 0.75 - 0 
0.75 - 0.80 400 1 
0.80 - 0.85 216 1 
0.85 - 0.90 - 0 
0.95 	- 	1.00 	I 540 78 
-Figure V.18b 	Distribution of figures of merit 
for centric reflections 
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Mean FP No. 	of 
reflections 
0.000 - 0.001 - - 0 
0.001 - 0.002 - - 0 
0.002 - 0.003 - - 0 
0.003 - 0.004 - - - 0 
0.004 - 0.005 - - 0 
0.005 - 0.006 - - 0 
0.006 - 0.007 0.7428 •639 17 
0.007 - o.008 0.7612 646 28 
0.008 - 0.009 0.7570 430 19 
0.009 - 0.010 0.7182 554 26 
0.010 - 0.011 0.7851 531 24 
0.011 	- 0.012 0.6498 501 25 
0.012 - 0.013 0.6979 437 23 
0.013 - 0.014 0.7185 407 26 
0.014 - 0.015 0.6747 416 30 
0.015 - o.o16 0.6575 391 26 
o.o16 - 0.017 0.7674 396 15 
Figure V.18c 	Distribution of figures of merit 
for non-centric reflections. 
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Figure of merit 
range 
Mean FP No. 	of 
reflections 
0.00 - 0.05 579 2 
0.05 - 0.10 567 1 
0.10 - 0.15 415 5 
0.15 	0.20 348 3 
0.20 - 0.25 412 5 
0.25 - 0.30 531 8 
0.30 - 0.35 439 6 
0.35 - 0.40 664 5 
0.40 - 0.45 309 5 
0.45 - 0.50 534 8 
0.50 - 0.55 461 9 
0.55 - 0.60 473 9 
0.60 - . o.65 363 14 
0.65 - 0.70 578 14 
0.70 - 0.75 472 14 
0.75 - 0.80 488 22 
o.8o - 0.85 481 28 
0.85 - 0.90 451 32 
0.90 - 0.95 478 44 
0.95 - 	 1.00 610 25 
Figure V.18d 	Distribution of figures of merit 
for non-centric reflections 
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There seems to be little point in trying to 
phase reflections which are hardly measureable, 
especially when phasing is repeatedly carried out 
within refinement. 	I have included them in the list 
of phased reflections merely to show that they have 
been recorded. 	The figures of merit of this class 
of reflections tend to be lower than those of the 
remaining data, and their inclusion reduces the 
overall mean figure of merit by about 0.04. 
Using the data described above, joint refinement 
was carried out for both MMA and HgI 4 derivatives, 
assuming occupancy at only the major sites. 	After 
about eight cycles the positional parameters had 
stabilised to the values given in figure V.17 ; 
occupancy, scale, and temperature factors had also 
settled down. 	The overall mean figure of merit 
was 0.764 with R.N.S. errors for NMA and Hg1 4 derivatives 
of 71 and 107 respectively. 	Figure V.18 shows the 
distribution of figures of merit for different 
resolution ranges, indicating little fall-off. 
This figure also presents the frequency of reflections 
with figtres of merit within certain ranges of 
magnitude. 	Where phasing did result in a low figure 
of merit, the reflections were either fairly small or 
the heavy atom contributions were low. 
V.7 Difference Fourjers 
Difference Fouriers of the two derivatives were 
calculated using phases produced by the refinement 






Figure V.19 	Section of 3-d difference Fourier of 
M?IA derivative, showing two equivalent 




y0 = 10/12C 
Figure V.20 	Section of 3-d difference Fourier of HgI 
derivative, showing the major site. 
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program. (The method is decribed in Chapter I.) Both 
had peaks at the predicted site and its equivalent 
positions. 	The MMA map (see figure V.19) had a low 
background with no evidence of minor sites. 	The 
Hg1 4 Fourier map shows up the major site clearly with 
additional small features appearing nearby. 	It was 
thought that these were largely due to the diffraction 
ripple of the main peak. 
It was considered that the Hg1 4 derivative 
might have a minor site. 	The projection work 
certainly suggests that there is a small occupancy of 
the -SH site. 	There was little evidence for this 
site from the difference Fourier itself. 	Inclusion 
of this site in a further few joint refinement 
cycles stabilised its occupancy at 20 electrons 
with little alteration in the phases. 	The resulting 
difference Fourier was no more indicative of  minor 
site at this position than the previous map. There 
are small peaks close by but these are of the same 
order as dozens of other peaks in the map and were 
not thought to be significant.- 
To continue the search for minor sites a double 
difference Fourier map was calculated. 	The most 
obvious feature on that was a 'hole' at the major 
site position suggesting that the occupancy of this 
site had been over-estimated. 	The map was otherwise 
lacking in features although it has high background 
undulations. 	There is no evidence in this map for 
any sites close to the HgI major site, but it would 
- 
be possible for these to be hidden in the diffraction 
ripple of the negative feature. 
The refinement program was used to determine 
whether some features of the difference Fourier map 
were genuine sites. 	Generally the occupancy was 
quickly reduced to less than 10 electrons. 	In the 
end the quest was given up and it was assumed that 
the high background was due to lack of isomorphism. 
This may also explain the over-estimation of the 
major site, which would tend to compensate for the 
extra differences. 	The evidence for a minor site 
at the -SH group is tenuous and therefore the phases 
which were employed in protein structure calculations 
were based on-the major sites alone. 
From the phased data produced by the refinement 
program a three-dimensional map of the crystal 
structure has been calculated and is presented in 
Appendix V.B. 
V.8 The Three-Dimensional Protein Fourier and its 
Interpretation 
Hand 
Before going on to discuss the protein Fourier, 
it is worthwhile discussing again the question of 
hand. 	Taking this crystal form independently, the 
hand has not been established. 	The use of anomalous 
scattering to establish the hand was considered at 
one time but this work was not given priority since 
the hand can be established by comparison with other 





Hg1 4 site 
-Si-! site 
- - - lattice Z 
lattice K 
direction of increasing y0 
Figure V.21 	Hand of heavy atom positions. 
The heavy atom positions shown 
in projection for both lattice K 
and Z, assuming P3 2 21. 
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crystal forms. It was discussed in the projection 
work how the heavy atom sites corresponded i.ri this 
crystal form and in lattice Z. 	The arrangement of 
the sites around the diad allows the orientation of 
the molecule around the diad to be determined. 
Although the two heavy atom sites are not far separated 
in the direction of the diad, their separation 
(about 3 AF to k je ) is large enough to resolved, 
particularly with three-dimensional data. 	In lattice 
Z., and X the hand had been estabished independently 
by anomalous scattering effects and so the spacegroup 
of lattice K could be chosen to give the same 
enantiomorph (see figure V.21). 
It turns out that the arbitrary choice of 
P3221 as spacegroup was correct by the above reasoning. 
The protein Fourier calculated for this spacegroup 
bears this out, there being obvious features in the 
6 Angstrom map which make it clear that the molecular 
structure is of the same hand as lattice X and Z. 
6 Angstrom Molecular Structures of Lattice Z and X 
At this juncture it is of value to describe the 
molecular structure of BLG at 6 Angstroms resolution 
as calculated from the native forms of lattice X and 
Z, for comparison with the lattice K structure. 
The molecule, consisting of two subunits of 18,000 
M.W. related by a diad, is normally viewed in sections 
perpendicular to the diad so that the symmetry of 
the dimer is apparent. 	The most obvious feature 
of the whole molecule lies close to both Hg1 4 and 
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MMA sites, near what is traditionally referred to 
as the top of the molecule. 	It is a bar-like feature 
of high electron density, lying close to the diad. 
Hg1 4 binds in a pocket beneath it and MMA attaches 
between this and another prominent feature near the 
top. 	The features at this end of the molecule are 
very distinct in general, which cannot be entirely 
due to phasing anomalies since the platinum sites 
and HgI minor site are situated further down the 
molecule. 
About half-way down the molecule the clarity Is 
lost, probably because of a lower o(-helix content in 
this region. 	This is the region of closest contact 
of the two subunits, these being distinctly separate 
above and below, but merging across the diad at this 
point. 	The lower region of the molecule is similarly 
lacking in features, lattice X having a distinct gap 
near the diad. 	The continuity to the bottom layers 
is carried through the outer features of the molecule. 
In lattice .X the two subunits are crystallo-
graphically independent but exibit a remarkable 
similarity to each other. 	Both subunits resemble 
the lattice Z subunit in gross features, the connections 
between features being paricularly similar in the 
top half of the subunit. 	The molecular boundary can 
be drawn independently in both lattices : in X by 
taking the limit of the twofold symmetry, and in Z 
by using the cell symmetry. 	That the molecules 
from both forms are similar as far as their edges 
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confirms that the boundary is well placed. 
The Lattice K Fourier Map 
The lattice K three-dimensional protein Fourier 
map was calculated in sections perpendicular to the 
molecular diad at equal y intervals of 4/120 ths 
from zero to half the b0 cell dimension (see Appendix 
V.8 ). 	Because the three-dimensional Fourier is 
calculated using a non primitive spacegroup, a 
volume larger than the asymmetric unit must be 
covered. 	In lattice Z half of the dimer centred on 
the b axis diad is contained in the volume from 
z = 0 to.+c. 	Because of the shorter c cell 
dimension in lattice K, the analogous dimer extends 
beyond this region and so the map was calculated 
up to z = c. 	The total volume calculated cor- 
responds to three asymmetric units and so to three 
subunits ; one with the b axis as its molecular 
diad, the symmetry related subunit at 	- z0 , and 
parts of other subunits. 
It is the basic b axis diad subunit which is 
most useful for comparison purposes since itis 
sectioned perpendicular to the molecular diad. 
Where the molecule extends beyond the calculated 
volume in the y0 direction it appears at 	( x0 + 
y 	+ 	- ) due to the face centring (see figure V.22a). 
This figure also illustrates the packing of the 
more complete subunits of the volume of the Fourier 
calculated, but because the maps also contain pieces 
of related subunits it is not a simple matter to 









Figure V.22a 	Molecular packing in lattice K in the region 
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half di.mer with b axis twofo]tjas molecular diad. 
- symmetry related dimer at 
Figure V.22b 	Molecular packing in lattice .Z in the region 
from z = 0 - -. Scale 1cm 	5 
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decide what constitutes areas of solution. 	The 
arrangement of molecules in the lattice Z crystal 
structure is presented for comparison purposes 
(see figure V.22b). 	The regions of contact of 
the molecules are quite different in the two forms 
there is much more contact between molecules across 
the z0 plane in lattice Z, but the lattice K structure 
has closer packing in the z direction. 
The most obvious feature of the subunit was 
a bar-like feature near the Hg1 4 and HMA sites, 
closely resembling the similar feature of the other 
maps. 	Around this region the correspondence between 
K, Z, and X 'maps was very good. 	In the lower sections 
there was less similarity although some basic features 
are common to all. 	It was difficult at this stage 
to make an accurate comparison because the K and Z 
maps were sectioned at different intervals and so 
it was decided to produce a lattice K map with the 
same sectioning through the molecule. 	Since the 
Fourier program allows sections to be taken only at 
120 th intervals, a program was written which could 
calculate intermediate sections by linear inter-
polation. 
The correspondence between layers through the 
molecule in lattice Z and K was worked out by aligning 
the y0 coordinates of the heavy atoms as accurately 
as possible on the same scale (see figure V.23). 
The layers of the three-dimensional K Fourier which 
corresponded to layers of the lattice Z map at y =4/120 
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Lattice K Lattice Z 






12  H 











Figure V.23 	Correspondence of layers of Fourier 
• 	maps through molecules of lattice K 
and Z. 	Scale 1 inch = 3 
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intervals were calculated. 	The resultant set of maps 
are presented in Appendix V.C. 
A great deal of time was spent in examining 
these maps in comparison with the lattice Z and X maps 
to try to assess the similarity and to place the 
molecular boundary. 	It was decided in the end that 
the best way of presenting the information for comparison 
was by means of models. 	A half dimer unit of the 
lattice Z map had previously been constructed by 
Keith Woods (Department of Natural Philosphy, Edinburgh 
University) and myself from balsa wood. 	A suitable 
contour level was chosen and sheets of balsa were 
cut to these shapes. 	The contour maps used were to 
a scale of 0.5 cm/ R and the thickness of the balsa 
wood was chosen to give a close approximation to 
this scale from section to section. 
It was decided to construct similar models for 
both lattice X and lattice K. 	This was considered 
necessary because there were obvious differences 
between the lattice Z and X maps and a more general 
impression could be gained of the similarities of 
all three structures by such models. 	If the differences 
between lattices X and Z are primarily due to the Tanford 
transition the lattice K model should more closely 
resemble lattice X. 
The lattice K model was constructed in the same 
manner as the lattice. Z model, chosing the molecular 
boundary so that the greatest correspondence between 
the two models was obtained. The lattice X model 
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consisted of a whole dinier since the two halves are 
not crystallographically related ; thi .s model was 
also built to the same scale with the assistance of 
Keith Woods. 	It became obvious in the course of 
this work that some features of the lattice Z map 
had mistakenly been omitted. 	When this was rectified 
it improved the similarity of the models. 
Because all three sets of maps had been calculated 
by different people, the level of contouring was not 
exactly the same. 	It was necessary in both lattice 
X and K models to include featur.es which are not 
directly joined onto the main molecule but which, 
by comparison with the other subunits, 'are obviously 
genuine molecular features. 
Some photographs of these models are presented 
here (figure V.24) to allow comparison to be made of 
the structures from different crystal forms. 	My 
own impressions from examining the actual models 
is that the lattice X and Z maps are more similar 
to each other that either is to lattice K. 	This 
is quite likely to be an effect of inadequate phasing 
ml lattice K rather than any basic difference between 
the molecular structures. 	The lattice K model 
corresponds better with the lattice X.subunits than 
with the Z subunit, particularly in the lower sections. 
The upper parts of all models are remarkably alike 
and the two subunits of lattice X are seen to be 
almost identical. 
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1ticc 
Half dimers of lattices K and Z seen from the top side. 
Lattice Z 	 Lattice K 
Half dimers of lattices K and Z seen from the top front. 
Figure V.24a 	Photographs of models 
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i4 
Half dimers of lattices K and Z seen from side back. 
Complete lattice X dinier seen from the top. 
Figure V.24b 	Photographs of models 
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V. 9 Conclusion 
The initial aim of this research was to investigate 
the possibility of locating the C-terminus of beta 
lactoglobulin by difference Fourier methods, using 
a modified protein. 	In the early stages of the 
research it was shown that there were practical 
barriers to achieving this. 	The difficulties 
involved in producing lattice Y crystals suitable 
for X-ray work might have been overcome with further 
study. 	Nevertheless, the phasing problems of this 
crystal form would have made any analysis doubtful. 
Lattice Z crystals of the modified form were not 
produced under any conditions tried. 	Lattice X 
crystals do not seem to have intensity changes large 
enough to be made use of. 	In the case of beta 
lactoglobulin there is little hope of making a success 
of this approach. 	•There seems, therefore, little 
likelihood of such a technique proving successful 
for another protein, and 	would certainly not 
recommend trying it. 
Use might be made of a carboxypéptidase 
modification to produce a new crystal form as happened 
in this work. 	This could be useful in a search 
for crystal forms more suitable for X-ray analysis. 
Certainly, for beta lactoglohulin the production of 
lattice K crystals has been the only useful result 
of the modification. 	The pursuit of the investigation 
of these crystals has been as promising as the 
early work on the native crystal forms. 
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It is apparent that the molecular map produced as 
a result of my investigation is as good as might be 
h 
épected for a two derivative study. 	It exAibits 
many similarities to the maps of other crystal forms. 
Where there are differences in the maps it seems more 
likely that these are due to phasing inadequacies or 
to the effects of cut-off at the 6 R limit rather than 
to basic differences in the molecular. structure of 
the forms. 	Perhaps this is a pessimistic view of 
the beta lactoglohulin situation. 	There is ample 
evidence that there is a conformational difference 
between the high and low pH forms (z and x) which 
appear to be so similar. The more obviously dis-
similar lattice K'molecule may be due to something 
more interesting than to the side-effects of using 
minimum phasing information. 
To settle the matter, it would be necessary to 
-employ a third derivative. 	The platinum derivative 
is the obvious candidate. 	Despite the proximity 
of the major site to the -SH site, it would seem 
from the projection work to supply further useful 
phase, information. 	The difficulty would be to 
discover soaking conditions which would produce a 
set of stable derivative crystals with good occupancy 
of this site ; this.could probably be achieved. 
A third derivative might improve the lattice K 
map enormously, but this would not necessarily be 
the most profitable line of research on beta lacto-
globulin itself. 	A high resolution study should be 
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the goal of any continuing research. 	Once a structure 
is produced of high enough resolution to enable the 
sequence to be fitted, comparisons may be made with 
other crystal forms. 	It would be necessary to have 
only a native data-set of the same resolution and to 
have information about the orientation of the molecule, 
in order that phasing by model-building might apply. 
In the case of lattice K, it would not be a great 
deal more work to extend the resolution of the native 
data to say 3 . 	Because all the photographs used 
to collect the 6 	set were of higher than 6 
resolution and since the whole of each film was scanned 
and analysed, there is a great deal of unused data, 
almost as much again as lies within the 6 R sphere. 
X-ray photographic data collection by means of the 
scanner may not be the best way of filling in the gaps. 
Even so, diffractometer data could be used. 	There 
seems to be little difference in the quality of data 
produced by the two methods, and the two types of 
data are reasonably compatible. 
High resolution studies of beta lactoglobulin 
may explain the difference in properties of the 
modified protein from the native, both in solution 
and in the crystalline state. 	It may also be 
possible to compare this crystal form at higher 
resolution to the solved structure by means of 
further data collection and model building. 	Although 
my investigation may not be directly employed in 
future towards achieving the goal of a high resolution 
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structure, I hope that it has made a useful contri-
bution towards the sum of knowledge about the protein. 
- 2i4 - 
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Appendix V.A Scanner Measurement and Analysis 
Since the Saab scanner was used in data collection 
it is reasonable to include a description of the 
instrument and the programs which acted upon the data. 
The scanner consists of a rotating drum on which 
tIie film can be mounted and an optical/electrical 
system which measures the transmission of the film 
over a small area and outputs a proportional voltage. 
The drum's starting position is at the left hand side 
of travel and during the scanning the drum rotates 
in the direction shown, (figure V.A.1) with an 
accompanying translational motion to the right. 
The output voltage of the scanner is fed via an 
analogue-to-digital converter to a PDP 15 computer. 
The computer also receives interupts indicating 
the begining of a cycle of the drum and the end of 
a complete scan. 	Measurements of transmission 
for small areas of film (according to the scanner 
manual - 168 microns in x and 252 microns in y) 
are made at 90 micron spacing along tracks in the x 
direction and 60 micron intervals in y. The PDP 15 
converts these values to Optical Density and writes 
the results to magnetic tape. 
While this is going on, a display system monitors 
the performance of the scanner by displaying each 
track as it is read as a series of points representing 
the output voltage of the scanner. 	At the same time 
a DEC tape records points with voltages falling 
below three given clip levels to give three alternative 
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point of measurement 
[\translational 
motion of scanner 
rotation of scanneif 
Movement of the scanner drum 
Y( 
Scanner axes on the film 
Figure V.A.i 	The scanner. 
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displays of the film. 
Once a scanner run has finished, a display of. 
the whole film can be generated and the x and y 
coordinates of any dark reflections on the film can 
be recorded by positioning a marker on the spot with 
a light-pen and using a push-button to record its 
position. 	This is very useful for the later analysis 
programs since the positions of a few strong spots 
on the film are sufficient to define its orientation 
and the centre of the precession circle. 
To find the accurate centres of the strong 
spots marked on the display, a map can be made of the 
Optical Density recorded for a small part of the 
film. 	This can be done either by the PDP 15 using 
the display system or by using programs running 
under E.M.A.S. (Edinburgh Multi Access System) 
on an ICL - 4/75. 	The PDP 15 display system has the 
advantage that the accurate centres of the spots 
may be recorded in a way similar to that used to 
mark the spots on the previous display ; spot maps 
are represented by a grid of numbers in four different 
grey-scales so that the spot centre can easily be 
seen. 
For this system of programs on the PDP 15 I am 
indebted to Heather Drummond, Peter Allan and John 
Wexler.  
Analysis 
During the period in which the scanner had been 
in operation, two separate sets of analysis programs 
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have been developed. 	The first of these was form- 
ulated by Dr. Marjory Harding and contains facilities 
for Weissenberg and precession photograph analysis, 
both of which are used for data-collection in the 
Chemistry Department. 	It became apparent when this 
system was applied to precession photographs of 
proteins that there were some problems which it 
could not adequately deal with. 	In particular, 
in lattice Z of BLG the c cell dimension is large, 
* 
resulting in a small separation of spots in the c 
direction. 	It was therefore not possible to take 
background measurements for a box surrounding the 
whole spot. 	The programs were rather slow because 
they had the extra complication of having to deal 
with Weissenberg photographs as well as the more 
straightforward precession case. 
Because of these disadvantages, it was thought 
worthwhile to develop a system specifically for 
precession photographs with facilities for coping 
with the particular difficulties met in the case of 
proteins, mainly closely spaced spots. 	These 
programs were developed by Dr. D.W.Green. 	They 
are based on quite simple but powerful principles. 
Any precession photograph can be considered as 
a set of spots lying on a primitive lattice, or a 
centred lattice. 	Two convenient axes are chosen 
on the film, not necessarily bearing any relation 
to the true reciprocal axes of the crystal. 	The 
spots whose positions are known are indexed on this 
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basis. 	The LATTICE program takes indices and 
positions for any number of spots greater than 
three and by a least-squares fit calculates the 
position of the origin, the orientation of the axes, 
and the lattice dimensions. 	This is sufficient to 
calculate the position of any spot on the film. 
A check of the correctness of the fit is made by 
recalculating the positions of the given spots and 
comparing them with the original. 	Differences 
of no greater than one unit in y and possibly two 
units in x are representative of .a good fit. 	The 
positions of all the spots on the film lying within 
a given outer radius and outside an inner radius 
are calculated and ordered by increasing y coord- 
inate for use by a second program. 	This program 
also has facilities for upper layer photographs in 
which the origin of the lattice may not lie at the 
centre of the limiting circles. 
The INTEGRATING program deals with each spot in 
turn. 	It is given specifications of a region 
within which the integration is to be done. 	The 
background area is similarly specified, and a 
background value in proportion to the integration 
area is subtracted. 	The predicted position of each 
spot is used as a centre, but small shifts of the 
centre can take place in order to maximise the 
resultant integrated value. 	These values are 
stored in an array. 	Once every spot has been 
integrated the array is output as a grid of numbers 
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for each of the four quadrants of the film, in a 
form acceptable to the existing precession correction 
programs 	Spots which cannot be measured are output 
as special symbols indicating the reason, the inte-
grating program could not deal with them. 
The problem of closely spaced spots is dealt 
with by considering background only on either side 
of the spot in the x-directi'on. This means that 
films should be scanned with the spots widely spaced 
in X. 
The programs were developed on an IBM 370 and were 
meant to be used in batch processing. 	It became 
possible with the introduction of transfer facilities 
from the PD? 15 to the ICL 1/75 to process films 
on-line. 	The film data then had to be stored 
temporarily on disc since no convenient tape 
- 	facilities were available. 	The on-line mode has 
the benefit of speedier turn-round. 	The lattice 
fit can be checked before the lengthy calculations 
are embarked on and spot maps are readily available 
as further checks. 	Because of the restrictions on 
CPU time 'for on-line processing,' the more time- 
consuming integrating proceedure had to be carried 
out either in the evening or as a batch job,. but 
even with this restriction on-line computing speeded 
up the whole process considerably. 
When I embarked on data-collection using the 
scanner there was no purpose-built program for 
scaling together two films of a filmpack. This 
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could be done only by making a precession correction 
on both and using COLLATOR to carry out a merge step. 
This was not very satisfactory for several reasons. 
Firstly, both sets of measurements were treated 
identically with no bias towards the top film for 
smaller reflection measurements. Secondly, scaling 
was carried out in F's and not in intensities. 
The precession correction on the extra films was 
also an added burden on computing time. 	The first 
difficulty has been partly got round by an additional 
facility in the integrating program which cuts out 
reflections on all films but the top film which 
might be considered to be poorly measured because of 
their small values. 	Nevertheless, a. scaling program 
was considered a useful addition to the data-processing 
facilities and this I undertook to write myself. 
Scale-factors are worked out using common 
reflections from both films within a given range of 
values. 	The films are then scaled, weighting the 
top film most heavily as follows. 	Suppose that three 
films are involved and that the measurements of one 
reflection on the three films are II2 , and 1 3 	all 
of these lying within a measurable range. 	If 
the scale-factor betwee ri the top-and second film 
is S 12 and that between second and third is S 23 , 
the scaled intensity of the combined film is calculated 
from the formula :- 
i + 1 + 1 	S 	S ) ( 	i 	2 	3 )( 12 23 = 
1 . + S 12 - ( S 12 • s23) 
- 252 - 
It will be seen that this weights the measured 
intensities equally so that the top film with the 
highest I is dominant. 	This type of weighting 
scheme can he extended to a greater number of films or 
reduced to the case where a measurement on the top 
film cannot be made, the second film then supplying 
the main contribution. 	As well as producing scale- 
factors and merging data in this way, the program 
compares the intensities of each film with the scaled 
intensities of the film below where measurements 
are common to both. 	A magnitude distribution of 
intensities and corresponding differences in the 
two measurements is produced in groups of roughly 
25 reflections. 	There is as yet no facility for 
pinpointing individual measurements which are 
unexpectedly discrepant, a feature which should be 
introduced. 
During the development of these programs the 
linearity of the measurements made by the scanner 
was called into question. 	This arose specifically 
because comparison of two films of one pack did not 
show the 'degree of linearity expected over the 
common measurable reflections. 	It was discovered 
that this was due to an offset voltage produced by 
the scanner so that even when totally black film was 
being measured an appreciable reading was being 
obtained, with consequent systematic errors most 
noticeable in the high optical density region. 
This offset voltage could be adjusted to be close 
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to zero, largely eliminating the effect, but because 
it could vary from one run to another a calibration. 
was introduced to deal with this. 	This part of the 
development of the programs was done before I embarked 
on the three-dimensional data collection, and there 
have been subsequent minor modifications to the 
programs largely to improve the convenience to the 
user. 
Since the data was collected, effort has been 
-put into the extension of the range which can accurately 
be measured by the scanner. 	This has involved both 
a correction for non-linearity of the response of 
the film and tracking down a source of noise on the 
machine. 	The lack of these facilities ought not to 
have introduced serious error, especially since in 
this data-collection a pessimistic maximum optical 
density was assumed. 
The accuracy of the data produced by the scanner 
can be estimated by comparing like quadrants of the 
same film. 	Where large crystal have been used to 
produce the original film (with corresponding large 
spots, low background, and ideally plenty of space 
to measure the background), the error in F is usually 
about 2% overall. 	In my own data-collection, 
conditions were not quite so favourable and 5% errors 
in F were about the best that could be achieved. 
Further developments in the scanner programs 
will hopefully aim at a more automatic procecessing 
procedure since, as they stand, the number of separate 
operations involved make the processing of one film 
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a lengthy business. 	Efficient use of the scanner 
is best achieved by having various films at all 
stages or by processing them in parallel. 	This 
necessarily means good organisation to keep track 
of what is going on and continuous involvement at 
every step. 	The situation could be improved by 
making use of the known cell dimensions and space-
group in a more automatic and direct indexing 
procedure and by passing on information from one 
program to the next to a greater extent so that 
less operator intervention is required. 	Obviously 
such developments would be sophistications of the 
present system which is reliable and flexible 
although somewhat laborious. 
Accuracy of the Scanner 
The integrating method of intensity measurement 
has quite a few obvious advantages over microdensit-
ometry. 	The lack of uniformity of spot shape over 
a film need not restrict the accuracy of measurement. 
In a film with equivalent spots which are well 
'focused' on one side of the backstop and spread 
out on the other, microdensitometry measurements 
would have resulted in differences of as much as 
15%; With integration the disprepancy was as little 
as 5%. 	Comparison of symmetry-related spots on 
one film show overall differences in F's of 5% to 
10%. 	Repeated scanning and analysis gave repeatable 
results, showing that these errors must have been 
largely due to the film itself and not to random 
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or systematic errors in the scanner. 	The practical 
limitations on the accuracy of this method are set 
by the uniformity of emulsion on the film, absorption 
effects, setting discrepancies, and irregular or 
grainy backgrounds. 
In my data-collection I found that it paid to 
examine the data produced by the scanner carefully 
before further analysis. 	Because of not uncommon 
small misplacing of the backstop it was not sufficient 
to accept every measurement outside the inner limit. 
The limit could of course be increased to be on the 
safe side, but then reflections which were measure- 
able would be missed. 	It was more satisfactory to 
make the limit small and to delete measurements in 
the output which could be seen from the film to be 
too near the backstop. 	At the outer limit there 
was less necessity for this since all the films used 
were of a higher resolution than required and 
consequently a safe limit could be used. 	I found it 
a good idea to check that the correct limit had been 
set by examining the furthest out spots measured. 
File editing was also useful when measuring films 
where a backstop support was used or where small 
faults in the emulsion made individual reflections 
unmeasurable. 	Another film fault which caused 
difficulty was the occasional incorporation into 
the film of a speck of dust or grit. 	I suspect 
that this came about during developing and washing 
rather than due to ill treatment of the film later,. 
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because the particles were usually fairly well 
ingrained. 	In a good many cases this fault was 
picked up either by examination of the film or by 
the checks in the integrating program. 	Unfortunately 
one cannot be completely confident that inaccuracies 
due to this type of film fault will always be noticed. 
There does not seem to be any reason why small 
or systematically absent reflections should be 
measured by the scanner with any greater absolute 
error but this unfortunately does seem to be the 
case. 	Systematically absent reflections as well 
as those which are not distinguishable by the eye are 
all faithfully measured by the process with values 
for these reflections not as close to zero as might 
be desired. 	One possible reason for this might be 
that in the absence of any measurable spot the spot 
centre is refined onto the nearest positive variation 
of the background. 	But this cannot be the main 
fault since reflections are also assigned negative 
values of about the same size without there being 
any noticeable fault in the film. 	It is difficult 
to decide just what to do with these small reflections. 
Systematically absent ones can certainly be ignored, 
but the rest are a problem. 	It would certainly 
be possible to take some arbitrary limit and consider 
nothing below it, but a problem is still posed by 
the reflections which are below this limit on some 
measurements and above it on others. If all the 
measurements below the limit are ignored this must 
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necessarily bias the average towards a higher value. 
My policy on this initially was to use all the 
information produced by the scanner. 	This was 
partly because I felt that it would be a great deal 
easier to see what reflections had been measured 
and to build up a three-dimensional data-set by 
leaving them in. 	If they did turn out to be 
troublesome they could be simply removed later 
and it would seem a pity to throw away information 
without any good reason at this stage. 
The suspicion that these reflections were poorly 
measured was borne out by the fact that in any 
merging operation of two data-sets these reflections 
were the ones showing least agreement. 
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Appendix V.,B Sections of the lattice K three-
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Appendix V.0 Sections of the lattice K molecule 
equivalent to the lattice Z map 
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Appendix V.D Structure factors, figures of merit etc. 

























































NAT I YE II M A H c; I 4 
K 	L FP F  FFH. F  FF'H MERIT 
0 9 313 87 205 557 1191 . 	. cji 
0 12 593 -338 204 229 716 1. €100 
o 	9 jcin -218 8±7 -3:4$ 53:7 1. €100 
0-10 -604 -148 546 35 427 0. 990 
0-11 1015 -43.8 434 263: . 1119 1. @00 
0-12 -132 211 16± -230 314 0. 97$ 
0-13 -293 129 ±95. -3:< 425 Li. 95 
0-14 -571 332 205 58 - 	- j • icji 
O -8 SILl -392 90 -'642 268 1. £100 
O -9 -107 -12€: 154 . 203 50 Li. 979 
0-10 1225 --i5€'. 943 113 1249 1. 000 
0-11 -1092 200 801 _473 . 1440 1. 000 
0-12 93 50 111 52 1. 13 0. 33'.? 
0-13 -353 24 1 C. 3 ct 14€' £1. 644 
0 -8 50 	. -E: 94 352 497 Li. 651 
0 '-9 229 10 240 -212 206 €1. 3.04 
0-10 -745 -179 846 -565 1244 1. 000 
0-11 99 -5 186 183 24? 0. 5$3: 
0-12 -382 -18 359 	. 493  
0-13 - 	270 :<€: 609 -383 109 1. @00 
ci 	-7 592 325 929 1. @00 
ci 	-8 ' 	-64€: -114 772 -54€: 1.045 	. 1. 000 
Li 	-9 -376 -426 735 -441 909 1. 000 
0-10 24€: 193 200 229 368 Li. 959 
0-11 -64 5.4 -422 348 Cl. 3.59 
0-12 288 414 735 	. -3.22 54 1. @00 
0 -5 56 282 427 -236 122 0. 980 
Li 	-6 -1060 -415 1272 1.1i 019 1. £100 
0 -7 -512 -1.62 735 -694 1134 i. ci€i@ 
0 -8 -80 -23.6 182 -196 280 Ci. 1.71 
Li 	-9 696 307 872 126 
. 	649 
. 	1. 000 
0-10 576 110 6±7 -55.0. 197 1. €100 
0-11 64 117 236 -135 54 Cl. 954 
0-12 16€: -1±0 282 110 252 0. 206 
0 -1 360 -42 :<63 -19± 197 Cl. 992. 
0 -2 912 492 129€: -207 5.82 1. 000 
-3. 4:8 43 545 -547 . 	47 1.000 
0 -4 -328 24 273 -.93 35.1 0. 563 
0 -5 - -295. 299 -132 273: ci. 93.3 
0-6 192 -29 91 -58 5 375 1. @ 0 0 
0 -7 208 2 227 -2 218 A. @0? 
0 -8 64 14 209 -55 115 LI. 078 
Li 	-9 -64 7 82 -507 519 Cl. 211 
0-10 -4 -25 43:6 57 252 0.. 7$t 
0-11 -200 243 13.6 2 . 	81 Li. 9918 
Li 	-1 456 152 654 -253 12 S ,  1. @00 
Li 	-2 -472 -14 4$j -296 751 1. 000 
Li 	-3 -64 -12 9.1 -114 122 €1. 15: 
0 -4 -232 115 99 -22€: 443: 1. 000 
0 -5 -272 -82 327 -:<35 642 1. @0(1 
ci 	-6. 216 -58 13 C. 45 273 Li. 7$3: 
El 	-7 -712 -329 972 . 	-170 670 1. @00 
ci 	-8 -576 144 445 -305. 935.. 1. (100 
Ci 	-9 -88 104 64 145 81 Cl. 795 
-728 251 554 -j3:$ . 	922 1. cicici 
0 -2 784 114 772 -186 . 450 1. @00 
0 -3 -304 255. ±36 -13.4 3.58 1. 000 
0 -4 -112 -35€: 509 -125 3i3: 1. 000 
e -5 720 -156 527 -1(1 . 	566 1. @00 
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NATIVE MMA HI4 
H K L FP F  FPH FH, FPH 1ERFT 
8 G* ci. 123 -149 9 5 .2 -iCi 79 £1.89? 
8 ci 1 272 -32 254 -349 218 0. 997 
E £i 2 20E: -56 91 -126  
8 ci 3 4$E: -$ 417 -52 464 Ci. 0:9 
8 Ci 4 £24 -60 535 -442 108 1. c1OCI 
8 Ci 5 -136 -153 191 -94 280 ci. 990 
8 0 6 —288 157 99 -i 183. 1. Ci€ICI 
8 Ci 7 -328 128 99 -438 744 1.000 
9 Ci . -:<90 473 94 -121 494 1.000 
9 0  -240 -64 354 89 211 0.935 
9 Ci 2 -464 -44 427 -286 703 1. £100 
9 Ci 3 104 -392 363 
9 
-169 150 £1.24? 
A 4 536 55 572 114 573 0. 892 
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NATIVE MtIA HfiI4 
H K L FP F  FPH . F  FPH MERIT 
8 Ci -6 352 -272 64 -i:<7 122 1. 000 
8 ci -7 -232 3:40 .64 -94 320 1. 000 
9 Ci -1 -64 58 82 -180 225 Cl. ±23: 
9 Ci -2 -440 51 309 47 573: Ci. 251 
9 8 -3 688 -3:92 290 -51. 43:5 1. 000 
9 Ci -4 -72 -53 64 -49. $1 i.025 
1 Ci 9 -503 180 285 50 3:51 1. @00 
I ci 10 752 -286 312 3:79 1074 1. @00 
1 0 11 -522 -68 546 194 170 1. @00 
1 0 12 -350 -E.G 403: 10? 23:2 0. 95.6 
1. 0 13 115 47 - 	228 133 ±3:6 0. $23: 
I Ci 14 437 -13 - 	423 . 94 465 . 	0.425 
2 0 8 468 220 5.5.3 397 $86 1. 000 
2 ci 9 424 153: 599 3:47 720 1. 000 
2 0 18 179 423 681 . 206 3:52 1. 000 
2 Oil -545 -244 754 227 502 1. 000 
2 Ci 12 -59 -1 -146 604 174 345 1. @00 
2 0 13 93 r364 248 . 	23:8 288 0.978 
3 Ci 8 192 / 	15. 144' . 	21± 322 C-i. 9$j 
3 ci 9 El? -:< 7:1 C1 
3 Ci 10 495 14 476 15.8 579 0. 958 
3 0 11 149 262 309 292 459 1. @00 
3 ci 12 -206 -9 184 197 184 0. 23:0 
3 0 13 -292 -19 285 41, 278 0. @3:4 
4 0 7 . 	'768 -134 536 140 970 1. 000 
4 Ci 8 408 -181 209 46 361 1. 000 
.4 Ci 9 192 . 	353: 535 198 540 1. 000 
4 ci ie 464 78 554 238 512 0. f'c'A 
4 0 Ii -328 96 3:09 -33 396 0. 288 
4 Ci 12 440 -129 25.4 ' 	221 559 1. 000 
5 Ci 5 368 86 372 -23' 423 0.222 
5 Ci 6 528 .246 862 -131 211 1. 000 
5 0 7 .64 198 54 -29 . 	54 0924 
5 0 8 -112 -146 408 184 1,77. j 
5 0 9. -464 -372 845 -138 6±4. 1.000. 
5 Ci 10 80 255 354 26 . 	25.5 0. 
977 
5 . 	ci 11 -128 152 127 27:< 115 A. 9 CE: i 
5 Ci 12 -328 363: 91 -115 457 1. @00 
6 Ci ci -iso -42 113 -35. 451 Ci. 795 
6 ci 1 -1248 -523 1526 -251 1449 1. @00 
6 Ci 2 -912 47 E:Oi -259 iC-ill Cl. 999 
6 ci 3 216 27 191 -156 47 0. 987 
6 0' 4 984 375 1±99 -249 738 1. 000 
6 0 5 544 -35 445 -274 108 1.00.0 
6 Ci 6 544 -4 553 6i 533: 0. @58 
5. 0 7 -976 -lii 853 -204 1155 . 	0. 99$ 
6. Ci 8 120 13 64 -237 204 C1. 152 
6 0 9 2.56 -±9 234 . i97 478 1. 0210 
6 Ci  10 . 	160 -166 109 -13:8 ±08 	. El. 969 
7 0 Ci -91 81 91 -282 348 0. 591. 
7 Ci 1 592 108 718 -193 450 1. @021 
7 Ci 2 648 -3721 172 -23:2 231 1.000 
7. 0 3 -224 -122 146 - 40(1 75.5 . 1. @02' 
7 Ci 4 -440 -164 554 -62 3:27 0. 999 
7 0 5 648 457 15117 -173 3:75 1. 5102' 
7 Ci 6 -736 121 581 -428 ±230 1. @051 
7 0 7 -288 162 91 49 218 Cl. 995 
7 0 8 272 -3:88 13.6 -±510 115 1. @2121 
7 0 9 -328 -80 435' -372 689 1. 51(10 
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NAT I V E M tl Ft FIG 1 4 
H K L EPA FFE: FHFt FHE: FPH FI-IFt FHE: FPH 
1 9 -547-1043: -19 -49 1096 -144 -283: 1524 
'1 1 10 -218 --54 -102 -22 3 c3: -:.9E: - j€i.9 53:9 
1 1 11 67 -46 -52 -13:9 8:<2 -140 -. 
I I 42 -253 794 73 188 507 -59 -117 764 
1 1 13 -585 -171 217 43 425 -242 -34 625 
1114 -97-365 80225 200 -94-115 410 
1 2 .9 942 -:<: -13:6 22 .920 -5: -4 76.4 
1 2 9 42 97 203 361 3.91 249 511 
1 2 10 -90 1 -10 -124 197 311 173 202: 256 
1211 -355 67 149 -23 150 -s :<ii. 
1 2 12 344 614 -200 -350 249 218 339 953 
121.3-206 -21 110-158 365 44 169 323 
1 3 7 153 -409 -98 187 i93: -355 79 3.79 
1 3 8 -291 532 199 -3:53 154 243 -454 58 
1 3 .9 49 -154 71 -83 225 70 -3:55 493: 
1 3 10 78 27 GE -118 i20 -3:01 40 221 
1 3 11 158 '-387 -99 182 328 149 -383 713 
1 3: 12 -129 322 -25 25 3.90 84 -221 103: 
1 3 13 . -169 26 -16 19 222 -206 ii 424 
1 4 6 475 396 123 32 732 395 491 1172: 
1 4 7 -53 3 73 -5 	. 229 72.95 53: 482 
1 4 8 -677 112 2 5 5 -3:2 4?' 950 
1 4 9 -284 -286 42 -2 322 299 43:1 32? 
I 4 10 450 -176 -111 -17 431 -242 86 394 
1 4 11 321 -124 -98 98 191 -239 . 	 46. 97 
1 4 12 81 164 -175 -25 209 193: 3:14 400 
1 5 2 441 -651 5 42 753 171 -502 958 
153 495 636 -2 16 816. 72 67 .961 
1 5 4 395 -51 107 10 536 -68 .324 3:94 
1 5 5 -615 -244 55 . 	89 53? 245 -551 915 
1 5 6 92 470 22 -101 3.90 94 15 510 
1 5 7 49 90 -310 -10 274 4 26.0 320 
.1 5 8 -590 -66 -94 -191 594 256 -490 665 
1 5 9 -273 291 -33: 146 524 92 -23 216 
1 5 10 264 -111 393 7 543: 49. 171 276 
1 511 -414 -24 98 . 205 252 214 -352 304 
1 6 1 53 -405 28 102 115 -289 s:< 3:95 
1. C. 2 228 178 100 122 459 -5 -119 291 
.1 6 3 -44 -60 -204 -354 491 3:83 62 3:35 
1 6 4 -601 -17 -31 -141 6.04 -380 16. 929 
1 6 5 -82 -64 -jjc: -18 26 C. -8 3 -259 215 
1 6 6 -103 263 226 381 564 286 3:5 
1 6 7 -137 699 24 131 799 -386 -16 .900 
16 8 244 169 95 13:9 468 -126. 42 197 
1 6 • 9 126 -33:3 -171 -280 6.21 170 10 542 
- 	1 6 10 -300 130 	' -10 -79 242 . 	- 3j9 -33 Gil 
1 7 1' -294 -159 1.93 -212 395 -205 84 542 
1 7 2 -77 325 . 	-181 257 '613 -100 300r 180 
1.7 3 78 355 '54 196 395 45 146 36.0 
1 7 4 -27 52 -141 151 226 -43 91 3:09 
1 7 5 111 469 105 -156 379 -51 -257 128 
• 	1 7 6 -207 -334 -29 -85 419 27 164 395 
.7 7-3<2 -81 55-43: 274 90 82 240 
1 7 8 -21-563 1 10 516 -6-180 594 
181 -45 179 . 	 36. 27 177 -34 153 37.9 
1 8 2 60 127 1$ -51 121 82 C. 154 
1 8 3 -188 -151 . 	 -8 17 64 i<i 57 128 
1.94 -109 424 . 	 40 29 475 -71 '99' 576 
1 8' 5 18 -56 93 -j33 202 81 37 68 
298 
N AT I V E 11 MA HG 1 4 
H K L FPA FPE: FHA FHE: FPH FHA FHE FFH MERIT 
1 8 '6 195 122 j3:3. ci 3±5 33 -51 145 8.473 
218 -8? -27 -216 -5 253: -399-178 517 (1.495 
2 1 9 499 E9 -±67 -299 494- -288 -74 625 8. 943 
2 1 18 565 -Th3: -3:5 94 654 -34 -j5$ 7i3: 0. 3-45 
2 1 11 -252 24 j(19 -1 166 -284 -47 3.79 0.493: 
2 1 •1 ~ 27' 1±5 53 110 2±7 -23:j'-jSE: 235 0.3:72 
2.113 85±93 5-17 288 -:-39 147 0.260 
2 2 7 -246 -643: 52 54 591 148 337 113. 0. 
s 
 8 279' 3±5 -9 3 328 24 C. 64 3: 6.95 0. 541 
2 2 9 67 239 -3:1 -3 3 257 -38 -98 99 
€1.325 
2218 642 796 68 85 939 217 279 ±164 0.437 
2 2 11 - -80 152 -53 158 299 . 124 327 3:77 0. 
585 
2. 2 12 -140 -144 119 127 j33: -±5 -48, 195 0. 533 
2 2 13 -281 -134 -138 -179 43:3 2±8 ±65 i IF, Cl . 
 73:3 
2 < 6 98 -178 -78 135 212 93: -191 278 CI. 
122 
2 3 7 488. -986 -Si 181 1081 233 -43:2 ±432 8. 712 
2 3 E 539 -725 -174 312 447 -320 1±8 58(1 8. 973 
239 93-53:8 114-218 788 21-256 351 8.873 
:< IC -29L1 411 9 -123 31; z12. -:37 ::E ci 
2311 -:.i. 3'C 195-34] -_.i: 5: EEE 
2 3 12 41 -:79 -1. 09 28 8 407 -2: -243 
2 4 4 -567 -3:96 -448 -3 1032 3:81 299 83 
Ct. 93] 
2 4 5 71 288 119•109 328 21,69 362 8.38? 
2 4 c -28 - 'C'-:'2 12 -15 4 1.1 3 -447 -i3 Ii 
2' 4 7 '-689 536 421 ' 	 8 640 3(15 3j(I 79(1 
(1. 98C 
2 4 8 -30 -16 -1(12 -98 287 -24 13:5 ±85 0. 3:9( 
2 ' 4 9 471 -74 -98 140 248 -3:59 -93: iii 0. 
Cl 
2 4 18 -±8 -271 -266 -9 299 280 2511 iii  
2411 355-3:44 53:43 526 -47 15i 3:44 
2 5 ± 874 -197 -243 ' 	70 643: -3. -91 851 
Li. 84 
2 5 2 EU -IE :91 -4 432 -239 
54L j;j 
2 5 3 -459 -654 16.2 226 497 4-0' - 291 96.5 CI. 92: 
2 5 4 -245 93 177 -49 57 4(1 -15(1 179 
(1. 92: 
2 .5 5 598 423 -178 :<E 619 -156 471. 916 CI. 95: 
2 5 £ -107 - 970 -69 -187 1041 1j3: -294 1±51 ' 	
(i. 82 
.257-33:7475 -51 12 56.9 67-17± 523: 
'2 58 -14 233: " 	 13 -15 3(i9 -69 333: 53:1. 
2 5 9 -59-187 - 40 -37 283 142-244 3:75 
2 5 1(1 -175 13: -Si 25 269 '72 -153 196 
0. 53 
2 6 1 -358 -26 -53 -71 534 553: -i .272 
2 6 2 '355 -255 -1 -iCt 454 -44 19 3:7j 0.14: 
2 6 3 -286 -83 17 13 3(13 -13:5 -43 3:73 0. 33: 
2 6 4 2:4 -1:1 -:2 - :9: 46 15 7E i E: s 
2 6 5 475 -114 -21 -80 478 
..75 420  
2 6' 6 3:< 550 -124 -j93: 3(13 -176 iS 
C. (1.. 94 
2 6 7 706 442 95 157 957 323 - 24 1071 
0. 88. 
2 6 8 --322 -294 34 13:8 373 -119 -GE: 5±9 (1.57 
2 6 9 169 -588 131 295 470 -172 55 485 0.7(1 
2 7 1 285 397 -3:6-13(1 320 -83: -32 3:54 
Cl. 
2 7 2 -63 ±10 165 -290 226 7112 151 253: 0.64 
2 7 3 193-203 -127 56 171 -159-279 437 (1.85 
2 7 4 -229 -71 55 1$0 211 -122 2 
745 (1.67 
2 7 5 -83 -439 -212 355 3:51 -i(i 
. j3C. 183 Li. $5 
2 7 6 -249 -269 13:3 -55 .328 -.67 -221 545 
(1. 82 
2 7.? 79-35± -71-158 451 -131 29 284 8.72 
3 1 7 -311 -610 176 295 245 -3:09 -3:8 793.  
:< -1 9 -53:9 -29' ±36 -6 248 6-145 56.6 0.93. 
3 1 9-733 226 -87 104 8±9 -133: -17 887 0.7E. 
3110-454-286 -220-3:76 .:,14 •2ci5j 3:(1 789 8.8(1 
NAT I YE M N A HG I 4 
H K L FPA FPE FHA EHE: FF'H FHFI FHE: .F PH MERIT 
:< I 1.1 221 -57 -2(13: -47 -j,(1 3:(ij Cl. 914 
1 12 -2(17 3:45 $5 -1(15 168 - j3:j 57 3:$(1 0. :4f' 
:< 1 13 -234 -42: 182: 324 82 -222: - j £46 Cl. 97(1 
3 '2 G. 562 769 127 -23:7  227 35:5 1.275 0. ci4  
3 2 7 113 195 -2(15: -351 277 -96 -±58 221 0. 611 
3 -4(1(1 -82 147 22 195 1±3. 53 262 
3 2 9 -50 -324 -'E 172 1 167 :71 57 I' c ''  
2 iCi -12 51 i:<3 22(1 269 -85 -34 122 0.075 
3 211 259 :<9 -8± -12 ic's 12:2 39 36? .0.73.6' 
3 2 12. 37 -45 37 -55: 228 '.101 29(1 :<io 0. 513: 
3 3 4 249-318 - 	0 7.6 474 	, -j(15: 188 177 0.811 
3 3 5 -586 53:3 -11 7 3:64-33:? 46(1 0.816 
3. 3 6 -484 794 -1(16 183 10(13. -211 198 1(132 
3 3 7 174 -157 -1. -19 26(1 -144 27 215 0. -158 
:< 3 8 -5 51 7±6 '-8 6 799 287-325 034 0.266 
3 3 9 -615 $9j -41 70. 1057 -125 jiG 1.07(1 0. 296 
3 3 16 -81' -51 1 -2 145 -140 -5:j 23:9 Cl. 295 
3' 311' -5:4 116 '23 -13 131 ±5:7-256 97 0.791 
3 4 1 579 692 26 54 9(19 -3:S7 -461 272 Cl. 948 
3 4 2 24-374 -64 -4' 38± 247 0 412 0.013 
3 4 3 -213 -22 14 -13 114 33:2 55 1(16 0. 86i. 
3' 4 4 38 39 i 20 57 -41(1-7.71 494 0.09? 
3 4 5 548 53 -200 5 422 206 - 	46 692 0. 695 
3 	' 4 6 25(1 -133 -56 101 219 2 43 127 404 0. 651 
3 4 7 -199 -318 -27 ' 	-5:4 5(13: -357 -237 70(1 0. 796 
348 1 	6(1323: 3$(1 -4 .454 '1.41, 71 461 0.57$ 
3. 4 9 -214 59 77 -150 ±38 139 153 157 0. 855 
"3 4 16 431 179 41 115 5(13: --259 - -1(19 223: (1. 856 
3 5 1 -520 539 -1.05 -161 675 	. -j53: 43 091 (1. 090 
3 '5 '2 -55 550 -317 ' 	I ' 	£51 -20 -262 114 (1.9?? 
3 5 3 -542 569 82: -110 6(12 -264 5±7 1128 0.70? 
3 s 4 342 -375: 144 229 497 - -75. 15 409 0. 55i3. 
3 5 5 -250 -42 :<E:9 -4 235 ii -264 3:44 0. 851 
3 5 '6 -232 2 53 .. 	- 101 12 8 545 . 	-1:€. 35 74: 
• 	3 5 '7 -168 -29(1 -13:3 -215: 447 -:< -9 3:$4 0.4(19 
358 45-24 -327 5 252 31-22(1 270 
• 5' '9 29? 14(1 8(1 -±03 3:5(1 -j(1(1 242 46(1 0. 115 
6 1 18 (1 182 243: 421 ?43 -1.50 -52 93:  
3 6 2 648-36(1 -52 -20 712 472 -1 855 0.10? 
'3 ; :. 201 -114 . 	 10 -37 252: 209 -43 344 (1.43.1 
3 6 4 -4(16 -324 -175 -3(13: 826 -167 -20 743: 0. 9(17 
3 6 5 -648 -±22 41 14 578 37  (1 7? 557 0.462 
3 6 6 228-222: -4 7 '217 143. -84 3:44 (1.1. 66- 
3 6 7 -89 -95: 52 2:9 72 -151 5: 213: (1.545 
3 7 1 -239 -265 -27. -29 415 -179 -202 53:9 Cl. 6308 
3. 7 2 155 297  -j 285 -20E -140 '3: 15 : 0.228 
3,73 -59 54 9-24 187 -98 iSCi 3:j$ (1.268 
3 7 4 12? 261 -22 -42 . 	212 -89 -j5:4 105 0. 822 
3 7 5 -±62 -67 2.5: 12 . 	90 -226 -99 253 
4 1 5 235 1(1± 115 12 3:92: 95 --76 . 	588 0.865 
4 1 7 -606-494 14 65 745 40 44 6(16 
4. 1 8 12? -28 -i -12 j33: -228 -15 22(1 0. (149 
4 1 9 158 -63 •50 19 252 -15. -j5:7 260 0. 469 
4 1 (1 -5:2-121 31 2:2 89 0 108 152: (1,285: 
• 	4 1 11 -143 -487 -65 -147 584 -202 --55 .542 (I. 654 
4 1 12 -276 63:5 -1::(1 -40 65:9 -76 -.213: 555: Cl. 83:5: 
4 2 4 554 492 -35 17 	. 671 13:1 252 8±?  
4 2 5 	. 691 $39 , 	 $5: 173 1125 -144 -174 892  
4 2 4 -552 -E9 115 45 -62 -243 705 072 
I , . 
NAT I YE MM A HG I 4- 
H K L FPA FF'E: FHA FHE: EPH FHA FHE: FPH MERIT 
4 2 7 -763 65 108 -38 485 153: 255 63:2 0. 952 
4 2 '8 -13 -136 -177 -324 495 -159 -28 315 €1. 729 
4 2 9 :<42 -573: 113: -167 804 60 -158 77± 0. 77i 
4 2 10 -41 -175 -139 45 165 ±40 212 93: 1. 842 
4 2 11 -589 2.56 199 355 681 --138 65 687 0:793 
4 3 13 -55E 29 35 -4 5:4 71 -43 155 0. 947 
4 3 1 -244 476. -15$ 2713 794 -77 23$ 734 0. 84± 
4. 3 2 4138 -673 -74 94 649 -262 486 5132 0. 745 
. 4 3 3 133-. -448 -72 152 ±713 342 -j3:4 63:4 Cl. 93:5 
4 3 4 192 -322 226 
C. -20 -392 
 
218 247 0. 890 
4 3 511 -±39 173 $8 -106 170 -265 332 SiC' ci. 559 
43 6 3113-474 84-166 827 260-185 8413, 0.911 
4 3 7 289 -4413 -214 3:77 81 27 166 486 0. 97$ 
4 3 8 -443 4'013 -72 82 641 --223. 152 742 
Cl. 555 
4 3 9 -161 194 -66 125 348 158 -±88 55  
4 3 1(1 -234 ±313. ±33 -240 114 57. 1132 65 0. 9134 
44 0 205 6 .348 35 54$ 42-24j 323 0.915 
4 4 1 -445, 29' 179 -197 554 495 "17 ci c'$4 
4 4 2 1133 79 248 61 444 -245-408 244 0.877 
4 4 3 " 342 4136 -288 -29 323. - 	 38 -•220 3131 0. 968 
4 4 4 35 5213 -1213 142 665 426 75 725 0. 955 
4 4 5 -38? -1130 -133 -44 .573 -230 -7.137. 63:0 U. 818 
4 4 6 197 428 135 13 527 29-164 3213 0.826 
4. 4 7-105 60 25 -'43 iii 3013 913 3:131 ct.Ci36 
4.- 4 8 116 iii 13 14 1 ci1 -179. -174 122 0. 5138 
4 4 9 -92-307 52 5 259 17 -97 415 .0.455 
4 5 1 -53 5 -14 -79 133 -258 375 552 0.241 
4 5 2 -18 50 -7 19 258 -2139 28± 338 €1. 343 
4. 5 3 122 -635 -24 12 
644 4 -2713 775. Pt 543. 
4 5 4 41-120 . 	 -35 -40 18(1 	. -232 316 253 0.64± 
4 5 5 134 223 -2 72 297 -144 229 322 0.245 
4 5 - -102 -247 238 14 258 --20 -213 3:9j 13. 813: 
4 5 7 462 107 7± 139 484 -172 215 445 0.643: 
4 5 8 -134 -3135 IC' -133 421 -72 151 354 0. 455 
4 5 1 544 -25: -70 -7' Si 557 -33 1ii'5 13 
4 6 2 166 238 170 299 551 -121 -48 223. .. 	0. 74 
45 3 -96 -47 27 117 65 275 42 65 0.805 
4 6 4 46 217 97 119 3:32 33:1 -69 33? 0.751 
465 -113-2±8 -2±5-367 5(13: -85 -45 255 0.3:29 
5 1 2 -21 40 175 3133 482 347 3.3 101 0.489 
5 1 3 -134 639 35-144 472 -iS 14]: 75.7 0.813: 
5 1 4 -844 -74 -246 -23: 995 155. 1.3: G. 10 0. 8±. 
5 1 5 -254-284' -2±1-376 8(18 272 92 19(1 0.93:2 
5 1 6 209 -6213 -3:7 162 493. -54 141 401 0. $4 
5 . 7 80 244 233 14 268. 36-149 80 13.9±4 
5 1 8 270 289 174 321 45.6 171 119 598 ci. 8132 
5 1 9 -42 527 27 -123 :<32 -5.9 115. 5130 0. 761 
5 1 10 -91 -448 -146 -2 45.1 -45 -226 685 0. 851 
5 1 Ii. -298 -3'7 -85 -165 473: 78 113: 202 
Cl. 5.81 
5 2 13 -1248 -39 -203: -270 1352 -55 -227 1 -185 0. 670 
5 •2 1 245 -94 116 -287 4$:. . 	 -.3j4 -511 549 Cl. $97 
5 2 2 717 682 -176 -169 675 . 	 16 47 95.5 - 	 0. $99 
5 2 3 -134 -172 174 222 82 -142 -12± 359 £1. 895 
4 . 	 -85 -6: -E:9 200 220 -221 -4513 	. 515 0, 153 
5 2 5 -157 -117 10$ 1132 57 95 :<$ 57 (1.850 
5 2 6 71 183 - -68 -102 82 -±89 -13 228 0.788 
527 35164 34-5± 82 -110-3.25 57 
.5 2 8 494 97 --9 -5 4 -3: 9 j3:5 25 552 0.568 
- 	 5 2 9 -142 -245 -20 -43 399 --187 52 3.18 Ci. 619 
301 
NATIVE : M M A H614 
H K L EPA FPE; 	.. FHA FHE: FPH FHA FHE: FPH MERIT 
5 2 10 -250 59E: 24 -102 43:9 -2(1 - jE:E 572 0. ;; G S1 
s :< o io.s-:' -44 53. 258 -304 557 451 0.65.7 
s 3 1 -222 -334 -69 114 3(19 205 60 244 0.875 
5 3 2 -979 -532 15 -43 992 ±59 ±48 874 0. 767 
5 3 3 199 -348 -15 23 391 -288 497 326  
5 3 4. -7 50 -43 83 228 j39 -j j95 (1  464 
s ' 3 5 -92 -121 58 -95 179 172 154 155 0.538 
- 5 3: 6 -153 185 67 -87 179 -225 362 490  
5 3 7 -122 232 134-243: 57 54 -48 228 (1.922 
'5' 3 8 98 -iE. -1(18 194 57 151 13.2 270 
(I. $93: 
5 3 9 112 -260 i -93 1±8 3:25 -1.44 206 122 
0. 524 
5 4 0 76 -433 -2(18 6 41:< -44 -283: 63:5 ci. 899 
5 4 1 303 194 85 65 43(1 -126-3:51 3:5$ 0.543: 
5 4 2 491 -255 119 -±38 648 440 21 $29 Cl. 7$3 
5 4 3: -12 99 369 2 320 -45 -245 61 0.729 
• 	5 4 4 -265 -447 -127 -91 594 -92 -318 737 0. 728 
5 4 5 -254 -: -135 175 3 st 8 :si 5 345 0 '5 
5 4 6 -127 195 -3:99 -9 531 -3:9 -172 107 0. 888 
5 4 7 ±53-456 124 46 476 -50-23:8 546 0.258 
5 4 8 -138 188 105 -152 53 225 -8 183 0. 920 
5 5 6 299 752 212 -74 893 --220 387 1212 W972 
5 5 1 129 -±6 -298 34 144 -40' -200 212-7 Li. $28, 
5 5 2 -600 -28 -162 -228 693 -iso 13:4 659  
5 5 3 244 -411 -176 62 3:51 -204 153 150 0. 935 
5 5 4 -161 54 217 -37 129 746 -143 178 
(i. 73:7 
5 5 5 318 36 88 140 407 -174 jiLl 2(1? 0. 845 
6 1 0 81 371 ill 202 589 420 82 580 
0. $75 
'6'1 1, 46 472 61 -19 411 129 174 567 0.521 
6 1 2 357-290 -16 27 256 1.40 77 49(1 (1.567 
61 3 574 99 21 19 53:3 3:52 47 NO 
'
0. 656 
61 4 -24E.-:<54 . 6 266 129 254 102 (1.933:.. 
6 1 5 -161 222 '-46 30 177 71 -65 94 0.374 
6 ± 6 211 773 -±40 -224 491 284- 76 442 0.931 
6 1- 7 472 -128 -143 8 242 1(15 272 516 
(1. 939 
5 1 8 14 118 89 -73 129 9-157 64 (1.48± 
619 71 95 2(1434(1403: •IEE: 55 ±9? 0.2±0 
6 1 10 -87 -154 179 -14 15.9 72 234 54 0. 898 
6 2 0 -319 -594 99 178 57(1 -- 5c: -jji 
. 	n_C. Li. 507 
6 2 1 420 44 -97 -30 381 -79 -16 272 0. 515 
6 2 2 -94 -283 88 -197 394 -285 -48 708 0. 721 
6 2 3: 363: 707 -142 -309 3.32 29 -15.1 584 0. 968 
6 2 4 -54' -6 151 45 57 -144 17 L., 88 0. 61± 
6 2 5 -±59 -414 -115 236 3:3:2 -242 -351 775 . 	
0. 9(14 
6 2 6 -212 -3:54 2(1(1 3:31 122 97 -171 5(12 0. 93.6 
6 2 .7 -194 -15 -152 -44 3:17 -170 ' 	39 :<:7 0, 659 
62 8 67 155 102-193 146 -±69-228 . 	65 0.91(1 
6 2 9 -5 394 -151 -242 243 125 -148 264 0. 9(18 
6 3 (1 -473 -10 -13 54 491 246 15 40 0. 941 
s3: i. -UG :± -: 30 ::ci -:o 431 5i4 
632 -15-532 -229 395 474 -14 129 400 0.610 
6 3 3 32 120 ii -53: ±13 239 70 25(1 
i. 043: 
6 3: 4 -43 176 ' 	21 -15 207 -150 4±2 566 0.555 
6 3 5 781 -58 138 .-239 753: -5(1 43: 64(1 0. 021 
'6 3 6 
, 
204 212 -6 35 3:30 .192 104 45.5 0.641 
s :< 7 34-3:5 3 -5 156 --70 3:11 65 (1.431 
6 4 0 -872 87 -24 -74 797 3(1± -5 425 0. 94(1 
6 4 1 81-24?' 141 7 265 
4. 04 -c'E: 528 (1.77-1 
c 4 2 1: 3:74 -s -19 324 -±7: 11L Li 
6 .4 3 44 _i::4 13 5 446 273 -53. 551 (1.353 
-302- 
t.ATI YE fIMA Hit 4 
H K L FM FFE: FHA FHE: FPH FHA FHE: EPH 
6, 4 4 59 -17 ±07 -9 2±9 66 -97 206 
6 .45 12 47 36 -65 ,3:j7 -102-272 255 
7 1 0 64 214 -62 --243 64 5$ 94 368 
7 1 1 -484 -141 j3.7 305 331 320 27 65 
7 i 2 33 99 255 40 242 222 264 429 
7113 -290-265 48 207 3:52 61 26 326 
7 1 '4 187 -. -95 -222 742 274 -ii 696 
7 1 15 117 437 -150 14 436 225 331 '860 
7 1 C 89 _j -19 - M 274  5 -: 	- :44 
7 1 . 7 202 50 24 69 249 191 -39 36 1 
7 18 -127-226 1-15 256 323: 2.23: 
72 0 -278 -331 76 -27 394 -238.-291 736 
7 2 1 57 212 -76 -114 87 -14 -247 61 
7 2 2 146 -548 32 -12 515 -42 54 499 
723 135 97 0-11 203 -274-251 299 
724 6193 -41 -97 53 45-274 61 
7 25 .5:220 3974 157 E. 2: 15 176 
7 2 6 -226 -114 -74 44 281 -257 -175 
7 2 7 -343 -363: j3: 264 -248 506 
7 3 0 299 -695 112 -189 1007 -125 160 896 
7 3 1 -225 160 55 -73 105 210 -44 122 
7 3 2 66 -307 45 - j03 3:74 -39 302 244 
7 3 3 -152 230 -196 33: 708 -130 14.1 523 
7 3 4 201 -321 -7'. :s :<±? 160 24 384 
7 3 5 7 -539 -63 1-12 3:99 10 290 221 
8 1 0 -134. -32 -126 -29 238 196 176 2:6 
8 1 1 -181 -438 -130 -220 650 13 84 . 
8 1 2 -184 126 -13 125 274 . 151 - 101 68 
8 13 -312 14 216 31 105 23±264 291. 
.8 1 4 256 783 179 322 927 57 80 755 
'8 15 59 1 17-16± 113: 129-13:2 291 
8 1 6 604 227 -231 -23 362 216 291 980 
820-127231 105 260' 457 55 79259 
- 303 - 
- 304 - 
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